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Preface 


The Revolutionary Aerospace Systems Concepts-Academic Linkage (RASC-AL) is a program of the Lunar and 
Planetary Institute (LPI) in collaboration with the Universities Space Research Association’s (USRA) ICASE 
institute through the NASA Langley Research Center. 

The RASC-AL key objectives are to develop relationships between universities and NASA that lead to opportunities 
for future NASA research and programs, and to develop aerospace systems concepts and technology requirements to 
enable future NASA missions. The program seeks to look decades into the future to explore new mission capabilities 
and discover what’s possible. NASA seeks concepts and technologies that can make it possible to go anywhere, at 
anytime, safely, reliably, and affordably to accomplish strategic goals for science, exploration, and 
commercialization. University teams were invited to submit research topics from the following themes; Human and 
Robotic Space Exploration, Orbital Aggregation & Space Infrastructure Systems (OASIS), Zero-Emissions Aircraft, 
and Remote Sensing. 

RASC-AL is an outgrowth of the HEDS-UP (University Partners) Program sponsored by the LPI. HEDS-UP was a 
program of the Lunar and Planetary Institute designed to link universities with NASA’s Human Exploration and 
Development of Space (HEDS) enterprise. 

The first RASC-AL Forum was held November 5-8, 2002 , at the Hilton Cocoa Beach Oceanfront Hotel in Cocoa 
Beach, Florida. Representatives from 10 university teams presented student research design projects at this year’s 
Forum. Each team contributed a written report and these reports are included here. The agenda for the Forum 
included oral presentations by the university teams and representatives from NASA and industry, a poster session, 
and a field trip to the NASA Kennedy Space Center. 

The Forum was organized by the Education and Public Outreach Department at the LPI. This publication was made 
possible through the collective work of a varied group of individuals. We are grateful to Lewis Peach, Chief Engineer 
of USRA, for bringing together NASA Langley Research Center and the RASC Team to make RASC-AL a reality. 
We are also grateful to the students, the university faculty, and teaching assistants for their outstanding student 
research design projects. We are especially thankful to the RASC-AL Steering Committee for providing their 
valuable experience and direction to the management of the program. We also thank the LPI’s Publications and 
Program Services Department and Computer Center for additional logistical support. Finally, we thank Jeff Cardenas 
of USRA, Ben Hauser of LPI, Pat Troutman of the RASC Team, the Kennedy Space Center’s University Affairs 
office, and ICASE for special assistance and direction in planning and organizing the Forum. 
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Faculty Advisor: Barbara McKinney 
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Faculty Advisor: Daniel M. Nosenchcuk 
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Georgia Institute of Technology — "Bifrost: A Large-Scale Solution to Low-Cost Space Access" 
Faculty Advisor: John Olds 


10:25 - 10:40 a.m. Break 


10:40 - 1 1 :30 a.m. Embry Riddle Aeronautical University — "Plasma Accelerated Reusable Transport System 

(PA.R.TS,)" 

Faculty Advisor: Mahmut Reyhanoglu 

1 1:30 a.m. - 12:00 p.m. Josip Loncaric, Universities Space Research Association 
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12:00 - 1 :30 p.m. Lunch 

1 : 30 - 2:20 p.m. University of Washington — "Self Sustained Closed Ecological Systems " 

Faculty Advisor: Frieda Taub 
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Under Martian Conditions'' 

Faculty Advisor; David Gan 


4:30 - 5:00 p.m. Speaker Presentation 

Jeff Cardenas 

Overview of NASA Institute for Advanced Concepts - NIAC 
3:10 - 3:30 p.m. Break 


3:30-4:30 p.m. Panel Discussion, Q & A, RASC-AL Steering Committee 


4:30 - 6:00 p.m. 
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Friday, November 8, 2002 


FIELD TRIP 


7:30 - 8:00 a.m. Breakfast 
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The Finalists 


A panel of judges based their awards 
on both a written report and the oral 
presentation made at the meeting. And 
the finalists are . . . 



University of California, Berkeley 
"A Novel Method of Cuttings Removal from 
Holes During Percussive Drilling on Mars ” 


Embry Riddle Aeronautical University — 
"P.A.R.T.S.: Plasma Accelerated Reusable 
Transport System ” 




Princeton University — 

“Integrated Robotic Team for Martian Water 
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Georgia Institute of Technology 

''Bifrost: A Large-Scale Solution to Low-Cost 

Space Access 



University of California, Berkeley 

"Exobiology: The Survival Ability ofHalophiles Under 

Martian Conditions . " 




University of Washington 

"Self Sustained Closed Ecological Systems " 



University of Maryland 

"The Endurance Project: Learning to Live and 
Work on the Moon " 
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Other Scenes from 
the Forum 



Mike Duke discusses a poster with one of the Forum 's 

student participants. 


Group photo taken at the launch pad at the NASA 
Kennedy Space Center. 



Audience members listen attentively as one of the 
student design teams makes their oral presentatU 


Martian Weather Station 


Colorado School of Mines 



Team ARES 


William Burnett 
J. David Bush 
Kendall Harwell 
Alan Jones 
Joyce Kaneta 


Advisors: 

Barbara McKinney 
Bob Knecht 
Chris Duncan 
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1. ABSTRACT 

As the Earth’s population continues to grow and resources continue to dwindle, humankind has looked to 
other planets for possible colonization. With current technology, colonization of Mars is the most viable 
option. Although general facts about Mars are known, such as its low temperatures, low pressure, and 
atmospheric density, more specific information is needed. To this end, team ARES from the Colorado 
School of Mines has designed a module to measure atmospheric conditions. Our module is capable of 
measuring temperature, pressure, wind speed, and particle concentration. 

The module will take measurements every minute and the data will be transmitted twice daily to an orbiting 
satellite. In order to provide overlap in case of interference during transmission time, because of 
occurrences such as dust storms, the data will be stored for 24 hours. 

Our design is an expanding modular structure, similar to a Hoberman Micro Sphered) by Hoberman 
Designs, Inc, in which the instruments are protected from the harsh atmospheric conditions yet are still able 
to take measurements. The interior will consist of eight octants. A rod attached to opposite sides of the 
frame expands upon landing, opening the frame. A swivel mechanism at the middle of the rod allows the 
octets to orient themselves. The bottom four octets will house the instruments, computer, and batteries 
while the top four will be solar panels and have the antennae. 

This design is adaptable to various shell designs; also, it is both strong enough to survive and able to orient 
itself after deployment. 


2. INTRODUCTION 

This project originated from the Colorado Space Grant Consortium and Ames Research Center. Dr. 
Knecht, head of the Design (EPICS) Program at CSM, assigned the task of designing a weather station for 
Mars to the students of the EPICS program. The weather station must be able to measure: 

• Temperature 

• Atmospheric Pressure 

• Wind Speed, and 

• Particle Concentration 

In the fall of 2001, team ARES designed an expanding module based on the specifications given in Table 1 
after considering several possible shapes. 


Table 1: Client Specifications 


Specification 

Value 

Volume 

2000 to 3000 cm' 

Distance Covered 

100 kg^ 

Operations 

24 hours 

Transmission 

Twice daily 

Data Storage 

24 hours to provide overlap 

Strength 

Must withstand impact with the surface 

Shape 

Unspecified 


The module must be strong enough to withstand impact, but, according to the client, will be housed in some 
sort of shell that will absorb most of the impact. Team ARES also had to address the issues of power, heat, 
and transmission. The module must have a transmission system able to send data to an orbiting satellite 
system; however, no specifications were provided for such a system, our team has stipulated certain 
requirements for the satellite such that our transmission system will be able to send data to it. 

3. APPROACH TO THE PROBLEM 

The first thing we did when given the problem was to brainstorm general ideas. Our main concern at this 
time was the limitations involved. First, we researched general facts about Mars and its climate and 
atmosphere. In comparison to the Earth’s climate. Mars has very low temperatures and pressures, a thin 
atmosphere, and is subject to severe dust storms. So, one of our problems was to research instruments that 
would function under these conditions. The values in Table 2 were used in all the calculations. 


I 
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Table 2: General Mars Data [1,2,3] 


Properties 


Maximum Surface Temperature: 

25 °C 

Minimum Surface Temperature: 

-125°C 

Surface Pressure: 

6 millibars 

Composition of the Atmosphere: 

95% Carbon 
3% Nitrogen 
1 .6% Argon 

Diameter: 

6792 km 

Distance from the Sun: 

228,000,000 km 

Density: 

3940 kg/m^3 

Surface Gravity: 

3.7 m/s^2 


Next, we considered the actual shell and deployment of the module. We felt that it should be able to 
guarantee an orientation such that the devices could take measurements as well as transmit the data to the 
satellite. Since the maximum volume was so small, we decided to focus on designing a shell module that 
would give a maximum amount of space in which we could place the instruments. 

3.1 Shell Design 

We decided that the best design would be one that expanded upon landing. One possible design would be a 
cube shaped module that opens up after landing and lies flat on the surface. Another design would be 
shaped like a pyramid, which would also unfold after landing. A third is just a simple sphere. The main 
problem with the spherical design was that there was no way to prevent it from rolling after it landed. 
Although the cube and pyramid design would remain stationary after landing, neither optimized the 
maximum allowed volume nor guaranteed correct orientation. So now the problem became how to make a 
spherical module that would remain stationary and guarantee orientation. We decided that the best design 
would be an expandable sphere that will allow the instrumentation to deploy with the proper orientation 
(see Table 3). 


Table 3: Module Shape Decision Matrix 



Maximize 

Volume 

Ability to 
easily fit into 
a Shell 

Stationary 

After 

Landing 

Space for 
Instruments 

Total 

Cube 

8 

1 

10 

1 

32 

Pyramid 

5 

4 

10 

4 

23 

Sphere 

10 

9 

3 

6 

28 

Hoberman 

10 

8 

8 

10 

36 


The sphere’s geometry is similar to that of the Hoberman Micro Sphere® [4] by Hoberman Designs, Inc. 
The frame includes an axial, spring-loaded shaft that allows it to expand after deployment and a swivel 
mechanism that allows it to orient itself. Thus, after deployment and expansion, the module is able to 
remain stationary. However, should something happen, such as being moved by the dust storm, the swivel 
mechanism would allow the module to correct its orientation. 

The frame has a collapsed radius of 8.95 cm and an approximate expanded radius of 13.35 cm. The swivel 
mechanism, located at the midpoint of the shaft, provides the instrumentation housing with 360° spherical 
rotation. The mechanism consists of an axial cylinder for rotation around the axis and mounting pegs for 
rotation along the axis. 

The framework divides the instrument housing into eight separate lobes, each lobe having an approximate 
working volume of 375 cm^ The upper four lobes will be used for solar power collection, while the 
bottom lobes will house the instruments, batteries, CPU and Data Storage. This modular design gives us an 
advantage by allowing us to insulate and heat each lobe to a different temperature, depending on the 
instrumentation requirements, and separate heating allows us to minimize unnecessary power usage. 

As for construction material, we will use an Aluminum-Lithium alloy similar to those used in many current 
aerospace and cryotank applications. Specifically, McCook Metals Weldalite™ 049 Aluminum-Lithium 
Plate [5] is ideal because of its high strength, fracture toughness, corrosion resistance, and low density 
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3.2 Components 

After we decided on a module design, the next step was to research instrumentation and components. We 
discovered, upon research, that there are a limited number of instruments that will function under Mars 
atmospheric conditions. We narrowed our research to finding types of instruments that would function. 
Initially, the following are components we felt would work. One year ago, these are the components we 
felt would be most suitable. 

3.2.1 Computer 

This component interfaces with the rest of the instruments as well as handling data storage. The best data 
processor we found was the Sharp LH75410 microcontroller, which was designed for industrial use and can 
withstand a harsh environment. It is able to handle converting the analog signal from the instruments to a 
digital signal and contains a timer to control when to take measurements and when to transmit to the 
satellite. It also contains several serial interfaces to communicate with the transmission device. The storage 
aspects of the module will be handled by a Sharp LRSI331 chip also designed for use in industrial 
applications; thus it is highly resilient to extreme surroundings. This chip has enough storage to hold data 
for about 1300 days of measurements each minute, as well as the functionality program [6]. 

3.2.2 Thermometer 

For a thermometer, we looked at the Thermometries CTFPIO thermal resistor [7]. Although there are many 
on the market that meet the requirements for our module, not all of them are guaranteed to function 
properly under the conditions within the range required for our purposes. A thermal resistor is basically a 
loop of wire connected to a resisting material that reads temperature by changing its value of resistance as 
the temperature changes. As the temperature changes, the electrical current is allowed to flow at different 
rates. However, this simple design is more durable and reliable than other types of thermometers, and it 
costs far less. Most important though, thermal resistors do not sacrifice accuracy at all. In fact, for the cold 
temperature range expected on Mars, thermal resistors are among the most accurate devices for temperature 
measurement. 

3.2.3 Barometer 

We were unable to find any barometers that both meet the requirements and were also guaranteed to work 
under Martian conditions. Any available barometer we chose would have to be modified, and thus we 
decided the Paroscientific model 215A [8] would be easiest to modify to meet our specifications. This 
pressure sensor applies quartz crystal resonator technology to measure changes in the atmosphere. As the 
pressure changes a small vibrating crystal inside the barometer changes its oscillating frequency. This 
barometer is designed to work at low pressures-less than 1500 millibars. Even though this range is 
relatively low compared to those of other barometers, it will still not be low enough for Martian pressures, 
which are typically around 10 millibars. If we can modify this barometer to work at lower pressures, 
possibly by changing the size or shape of the oscillating crystal, it would be accurate enough to provide 
useful data. 

3.2.4 Anemometer 

We chose to use a constant temperature type of anemometer, which will operate by running a current 
through a film or wire to maintain a constant temperature. As wind blows across the film or wire, more 
current is needed to maintain that temperature and the change in current is converted to wind speed [9]. 
Wire anemometers tend to be more accurate, but hot film anemometers are more durable. Since our 
module must gather data for at least one year, we chose to use the hot film type. Since the wind speeds on 
Mars are not higher than 40 m/s, we do not have to worry about the film overheating [1]. We evaluated 
Model 1230 from TSI, Incorporated, which has a thin film of platinum on an Alumina substrate and an 
automated calibrator to attach to the probe. Because the hot film anemometers have no moving parts and 
can be attached to the frame of the weather station, this type of anemometer significantly reduces the 
possibility of broken parts. Platinum films have a wide range of operating temperatures, thus reducing the 
concern over that Mars’ low temperatures would affect operation [10]. Constant temperature anemometers 
were used on the Viking expedition to Mars [9], and in the upcoming 2003 Beagle mission, hot film 
anemometers will be used [11]. 

3.2.5 Particle Detector 

We chose to use the Microdust Pro™ probe [12] manufactured by BGI, Inc., which is an aerosol 
photometer. The system emits an infrared beam and uses a near-forward light scattering technique to 
measure TSP (total suspended particulate matter) in milligrams per cubic meter. The beam passes through 
the volume of air being sampled where the light is scattered by dust particles. A photo detector picks up the 
scattered light where the signal can be converted to a mass concentration. 


I 
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While taking static measurements, the probe must be connected to an air pump to pull a sample volume 
through the instrument and to keep dust from settling on the lenses [12]. Sensidyne, an air sampling 
company, manufactures pumps that are ideal for this process [13], 

3.2.6 Heat 

Logic is written into the central process to determine if any excess power is being generated by the solar 
panels and also if there is over a 10% excess in expected battery power consumption. Any such excess 
power, along with an allotted amount of power, will be used to heat the module in order to keep the 
temperature in the lower octets within the operational temperature of the components they contain. The 
lower four octets are equipped with insulation and heating elements to accommodate their requirements. 
Each octet has different requirements and components in each octet radiate variable amounts of heat when 
in operation, so the central processor takes control of heat management. Finally, space is allotted in both 
octets for voltage control and management circuitry, as there are two different voltages required for 
operation of the module and both batteries and solar panels provide widely variable voltages. 

3.2.7 Power Consumption 

The power consumption for the module ranges is widely based on its mode of operation. The module will 
take readings every minute. Therefore, the sensors will only need to be operational for a short fraction of 
each minute. When the module is not taking measurements, the sensors are turned off and the computer is 
put into nap mode. The module’s third cycle is transmission. In order to provide for the power needs of 
the module, a system of solar panels and batteries has been implemented. 

3.2.8 Solar Cell 

The top four octets of the module are based around solar panels. While there are four octets, not all will be 
exposed to the sun at any given time. Modem, commercially available solar panels range from 10% to 
14% efficiency and specialty panels made by companies such as Boeing created 26% efficiency panels in 
1999, expecting it to rise to 40% by 2002 [14]. To meet the power requirements of our module, any 
commercially available panels will suffice, assuming they are able to operate in the Martian environment. 

3.2.9 Batteries 

To accommodate operation when the module is not exposed to the sun, and when the power demand 
exceeds what the solar power can provide, such as during transmission, a series of batteries will be used. 
They are located in two bottom octets of the module, opposite each other to balance their weight when the 
module is orienting itself. The batteries should be able to provide the majority of the power so that if 
severe dust storms block sunlight or some of the solar cells are damaged, the module can still function. 
Furthermore, whenever the solar power makes it possible, no load will be placed on the batteries. This will 
minimize cathode freeze-over, which can dramatically affect battery life over long periods of time [15, 16]. 

3.2.10 Radio/Transmission 

The transmission device we looked at is a dual crystal controlled UHF transmitter made by Radiometrix, 
part number TXM-418-10. This transmitter will be combined with a low power amplifier and a dish 
antenna and will be used to transmit the data collected by the instruments. The amp will consume no 
power when idle. Twenty-four hours of data, at 16-bit accuracy for each measurement, taken once every 
minute will occupy 1 l.25kb of space. Thus, the transmitter ideally would be capable of sending data at 
45kb/s, yielding an actual data output of about lOkb/s, so that it would be able to transmit all of the data 
collected, as well as have enough room for protocol overhead and still be able to transmit, even through 
moderate interference fields [17, 18]. 


4. RESULTS 

However, after considering the overall design and instrumentation of our module and making a computer 
model, we found several flaws. While all of the instruments are small, we found that when put together in 
the module with the batteries, the octets were barely large enough to hold all the components. This left 
little room, literally, for adjustments. Although we liked the concept of how the components functioned, 
the components were not satisfactory. Thus, we decided to keep the shell design and the type of 
instruments, but change the instruments themselves wherever possible. We feel that these are the 
instruments that best meet the requirements. 

4.1 Computer 

The data processor we are now considering is the S3C44B0X 16/32-bit RISC microprocessor by Samsung, 
which is based on a 16/32-bit ARM7TDMI RISC CPU core (66MHz) designed by Advanced RISC 
Machines, Ltd. [19]. This processor is square in shape, with dimensions of approximately 26.0 mm x 26.0 
mm. There are four operating modes: Normal, Slow, Idle, and Stop, but the processor will be in either 
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Normal or Idle for the majority of the time. During Normal mode it will consume up to 235 mW but less 
than 5 m W when Idle. It handles converting the analog signal from the instruments to a digital signal using 
its 8 input, 10-bit Analog-to-Digital (A/D) converter. The data processor also contains a timer to control 
when to take measurements and when to transmit to the satellite. It also contains several serial interfaces to 
communicate with the transmission device. Finally, it contains Direct Memory Access (DMA) channels to 
communicate with up to four banks of memory [19]. 

A memory chip [6] attached to a DMA channel will handle the data storage. It has both volatile and non- 
volatile memory, so it can handle the operation and storage aspects. The amount of data (collected, stored, 
etc.) in one-day amounts to approximately 57kbit, assuming data is taken once every minute. 

4.2 Instruments 
4.2.1 Thermometer 

For the thermometer, we will be using Honeywell’s model HEL 700 T1 A. We are using this model instead 
of the Thermometries model because it is smaller and is better able to accurately measure the low Martian 
temperatures with better accuracy. This is a Thin Film Platinum Resistance Temperature Detector (RTD). 
These operate by running a current through the film and measuring the resistance, which can then be used 
to calculate the ambient temperature by ihe equation 

+ AT + BT^ - XtiOCT^ +CT*) 


where Rt is the resistance (Q) at the ambient temperature (°C), Ro is the resistance (Q) at 0“C, T is the 
ambient temperature (°C). The constants A, B, and C are calculated from the equations 


B = - 


100 

aS 


C 


r<o 


100 '* 


For the lOOOQ thermometer, these constants are provided in the table below. 

Table 4: Constant Values for lOOOQ Thin Film RTD [20] 


Alpha (a) (°C') 

0.003850 ±0.000010 

Delta (5) (°C) 
Beta* (P) (°C) 

1.4999 10.007 

0.10863 

A (“C') 

3.908x10'^ 

B (°C^) 

-5.775x10’ 

C* (“C"^) 

-4.183x10'*’ 


*For T>0*^C, P=0 and C=0 


For our thermometer, both the operating and storage temperature range from -200°C to 500°C. The range 
of temperatures found on Mars is -125°C to 25°C, so this thermometer will easily be capable of operating 
on the Martian surface. This thermometer also has high accuracy, with a ±0.1% error. 

We will use the Honeywell HEL-700, whose dimensions are 1.90 mm by 1.27 mm. There will be one 
thermometer inside each octet for heating purposes and one on the outside of the module to take 
measurements. With an operating current of 1 mA (2 mA maximum), this thermometer will require very 
little power to operate [20]. 

4.2.2 Anemometer 

For the anemometer we will use two Honeywell HEL-705-T-1-5-C3 models, the HEL-705-U-1-5-C3 and 
HEL-705-T-1-5-C3. These models are similar to the thermometer but will be connected in such a way that 
allows them to measure wind speed. These models measure wind speed using the hot film anemometer 
concept we were originally considering. They are Teflon coated with three point NIST calibrators so their 
accuracy is 0.01%, which allows the detection of much smaller wind variations. 

The UlA model has a resistance of lOOOD and the TIA model has a resistance of lOOQ. These will be 
connected in a bridge configuration in which current self heats the smaller resistor. We then look at the 
equation 


r = 


^ amb 


+ AT 
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where T can be found from the resistance. As T^b changes, the larger resistor compensates so that AT does 
not change. The power required to keep AT constant can be related to wind speed. 

For these thermistors, both the operating and storage temperature ranges are from -200®C to 500®C. The 
range of temperatures found on Mars is -125®C to 25®C, so the anemometer easily is capable of operating 
on the Martian surface. Since the wind speeds on Mars are no higher than 40 m/s and the atmosphere is so 
thin, we do not have to worry about the films overheating. The operating current for each resistor is 1 naA, 
with a maximum of 2 mA. Since the current stays the same, and only the resistance varies, the anemometer 
should not draw more than 4 mA of current. Thus, little power will be consumed during operation [20]. 

4.2.3 Barometer 

For the barometer we will be using the Honeywell 40PC015G1A. It uses Silicon Piezoresistive 
Technology, which is a silicon pressure sensor. The device consists of thin chemically etched silicon wafer 
with piezoresistors buried in it. As the pressure changes, it causes the wafer to flex. This results in a strain 
on the resistors, which produces an electrical output. 

The Honeywell 40PC015G1A has a range of 0-15 psi (0-1 bar), with an accuracy of 0.2%. Its operating 
temperature is -45°C to 125®C and its storage temperature is -55®C to 125®C. All of these specifications 
2 ire important to our module for several reasons. TTie average surface pressure of Mars is 0.087 psi. The 
average pressure on Earth at sea level is 14.696 psi (1 atm), so this barometer will be able to measure the 
comparatively low pressures on Mars. The temperature for both the storage and operating of the device are 
low but still not quite low enough to operate on Mars. So in order to accommodate the barometer, it will be 
inside a heated portion of the module, with only the small port exposed to the atmosphere. The Honeywell 
40PC015G1A needs about 5VDC of supply voltage and 10mA max supply current. Thus, the barometer 
will not drain much of the limited power supply. The barometer is also small in size, which makes it 
appropriate for the module. The dimensions are 30.9mm x 13.2mm x 19.8mm. Since it is so small it will 
fit in the module wherever it will take the best measurements [21]. 

4.2.4 Particle Detector 

Since off-the-shelf particle detectors do not meet the criterion for our module, we will be using a particle 
detector that is based on the concept used in three manufactured models. These models are the Microdust 
Pro'**'^ by Casella USA, Haz-Dust IIF” Particulate Monitor by SKC0 Inc., and the DustScan Scout Model 
3020 Aerosol Monitor by Rupprecht & Patashnick Co., Inc [22, 23, 24]. 

These devices use near-forward light scattering technology (N-FLST) to measure TSP (total suspended 
particulate matter) in milligrams per cubic meter. Our prototype contains a laser diode, which emits a 
visible beam (630-680nm). As the beam passes through the volume of air being sampled, the light is 
scattered by dust particles with a barrier to block directly transmitted light. A photo transistor picks up the 
scattered light where the signal can be converted to a mass concentration. The approximate range of our 
system, based on the specifications of the three previous models, is 0 to 2500mg/m^3, with a resolution of 
--0.001 to 0.1 mg/m^3. This instrument will operate at -2.5 V and draws approximately 60 mW. 

4.3 Heat/Insulation 

To heat the bottom octets, which house the instruments and batteries, we will use a standard heater. This 
will be regulated by the computer and thermometers placed inside each octet. The octets will be heated to 
at least -35°C. 

Mars’ surface temperature varies from 0®C at noon -120°C at night, which we found from the 
measurements of a currently orbiting satellite at Mars’ equator. Our module must be at 0®C during the day 
while the batteries are charging and no less than -35°C at night. Each octet will be independently heated in 
order to conserve power. The heat lost from our module goes through 2 mm of insulation, 3 mm of shell 
and then encounters the heat convection of the Martian atmosphere directly outside the module. Based on 
this, we made a simulation using the inside temperature, outside temperature and the equivalent thermal 
circuit of the three materials to calculate the heat flux. We calculated an average heat loss of 0.876 W. 
Figure 1 in Appendix A shows the heat loss over a 24-hour period [25]. 

We are using the CryoCoaF^ UltraLight™ made by Composite Technology Development, Inc. This is a 
modification of their CryoCoat™, a spray on cryogenic insulating element. CryoCoaF'^ is a 
2-part epoxy system that utilizes microspheres as the acting insulating 
component... noted for its excellent adhesion to almost any substrate, high 
toughness even at cryogenic temperatures, and a specific gravity of nearly 1 
(-60 pounds per cubic foot [pcf]). [26] 
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The UltraLighr*^ versions of the insulators have an even lower specific gravity of less than 0.2 pcf. They 
consist of three layers, an adhesive layer, the CryoCoat™ UltraLighF^, and a protective coating, which 
keeps out moisture and is fire-retardant. 

This material also has a low thermal conductivity. According to tests performed by Composite Technology 
Development, Inc. CryoCoat^*^ is the best insulation in many ways. For instance, a tensile test was 
conducted with aluminum and carbon composites, each at 77 K and 4 K. While the UltraLight****^ insulation 
had cracking for the carbon composites, it was shown to work very well for the aluminum. At 77 K, the 
higher temperature, the substrate yielded, while at 4 K, it had no failure. The poor performance on carbon 
composites should have little to no effect because we will be using an aluminum lithium alloy for our 
module. This product will be used to insulate all of the instruments, batteries and data storage devices, 
which is necessary in order to keep all of the devices working in the harsh climate of the Martian planet. 

To protect the instruments from radiation, second surface aluminized polyimide tape with acrylic (966) 
adhesive from Sheldahl will be applied to the interior of the lower octets. The polyimide thickness ranges 
from 12.5 to 127 pm and the aluminum coating is approximately lOOOA thick. Standard width sizes are 
from one to four inches, but it may be ordered in any width. The continuous temperature range is from - 
60°C to 1 50®C, but the bottom octets will be heated to at least -40®C [27]. 

4.4 Power Consumption 

In order to calculate the power consumption we wrote a computer simulation to model the module as it 
collects data every minute. The simulation included a list of the equipment in the module and determined 
whether or not any one would be on at any given time. Both the sleep and alive power consumption of 
each piece of equipment were taken into account. The number .0398 W was calculated as the average 
consumption of power due to electronic components. The majority of the power will be consumed during 
transmission. Since the antenna is a half wave dipole, we approximated the gain to be 3 dB on the satellite 
and the module. The maximum distance that the module will have to transmit is 1695 km. Using this 
distance and a frequency of 2.4 GHz, we calculated the loss of free space using the equation 

LossofFreeSpace = 32.45 + 201og(i/^3j^) + 201og(/) 


which gives a loss of 164.6 dB. 

We assumed that the receive sensitivity is -95 dBm and the satellite sensitivity is -120 dBm. Then we 
calculated the power received by the radio with 


-120 = 101og 


Pr 

0.001 




The satellite needs lE-15 W to receive the transmission, 
the antenna requires during transmission. 


From there we were able to calculate the power 


2-3c/5-164.6t/5 = 101og 




P 

\ antenna 


For a 2.4 GHz system, 7.24 W are needed. Using these same equations, the desired frequency of 1 .4 GHz 
would need 2.51 W, which would significantly reduce overall power consumption [28, 29]. 

4.5 Solar Cells and Batteries 

Our main source of power will be solar cells. The solar panels that we will be using are 26.8% Improved 
Triple Junction (ITJ) Solar Cells made by Spectrolab Inc. These are “active, radiation-hard solar cell 
junctions” that are cut to customer specification by the company [30]. We will use quarter-circle shaped 
cells, which will be attached to the surface of the top four octets of the module. Since the cells cannot be 
cut to exactly the measurements of the module, we have estimated approximately 90% coverage. 

The solar panels have a minimum average efficiency of 26.8% at maximum power [30]. The panels are 
composed of three layers of Gallium based material to for maximum efficiency. We assumed a Magnesium 
Fluoride anti-glare coating. As well as providing most of the daylight power, they will also be used to 
charge the batteries so the module will have power overnight. 

We calculated the power from the solar panels by making a program that simulates one complete orbit of 
Mars around the Sun. The program takes into account such things as the elliptical orbit and the tilt axis. It 
assumes that the module is located at the equator, and takes into consideration the vectors between the Sun 
and the module, the reflective coefficient, and the reflection due to the angle. 

Assuming that the light is equally polarized and using one of Fresnel’s equations 
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2n^ cos^, 
cos Of A-rif cosO^ 


where iij, the refractive index of magnesium fluoride, is approximately 1.38 and nt, the refractive index of 
Mars’ atmosphere, is approximately 1 .00. Since the pressure and density are very low, we assumed 
vacuum like conditions. From Fresnel’s equation we calculated the coefficient of transmitted energy, T// 


T = 

■* // — 


n. COS0, 


* It 


n, COS0, 

Using an average solar constant of 622 W/m"^2, we found the power generated by the solar panels 

P = T„ -eilW ! COS0, 


During daylight hours, the solar panels will provide 2.6 W, which averages out to 1.3 W of continuous 
power over a 24-hour period (see Appendix A) [31]. 

We will be using Lithium-ion batteries. They come in a variety of sizes and can be specially designed. 
The best option would be a shape that maximizes the volume of the octets. 

4.6 Radio/Transmission/Antennae 

For our radio transceiver, we will use the Honeywell HRF-ROC094XC. It is a “half-duplex transceiver” 
that can be used for digital applications. The chip is used for both control and data transfer using the 
microprocessor. Data rate of the chip is 128.8 Kb/sec. The Honeywell HRF-ROC094XC has an operating 
temperature of -40°C to 85°C and a storage temperature of -40®C to 150°C. Since Mars has a low 
temperature of -125®C and both the operating and storage temperature have a low of -40°C it will be 
necessary to insulate and heat the chip in order to keep it in operating condition. It operates from a 2.5V 
power supply, which consumes little of the restricted power that we have available. The optimal frequency 
to transmit data is 1.4 GHz, but this radio transmits at 2.4 GHz, None of the radios on the market will 
transmit at 1.4 GHz because it is a licensed frequency. Although 2.4 GHz is feasible, transmitting at 1.4 
GHz would significantly reduce power consumption from 7.24 W to 2.51 W. 

We will use half wave dipole antennae for our module. It will be folded inside the module and after the 
shell expands the antennae will unfold. There is a gold reflector attached to one of the top octets, which 
will rise after the frame expands. Extending vertically from the reflector is a pole that rises to 4.46 cm 
away from the reflector in order to have maximum transmission pattern. Attached to the end of the pole are 
two 5.94 cm dipoles at 90° to each other and curved parallel to Ae sphere. We calculated the height of the 
pole by using a gain pattern that would give us the maximum transmission time. The gain pattern is 
elliptical, with a dip in the middle. Although the signal is slightly weaker in the middle, this gain pattern 
allows the module to communicate during more of the satellite’s orbit than a circular gain pattern. 
According to the gain pattern, we calculated the optimal pole height for 2.4 GHz from the relationship 

, 3 , 

h = -A [29,31] 

8 

The satellite orbiting Mars will have to be more powerful than our radio in order to properly transmit data. 
We calculated the amount of time the module will be in contact with the satellite, which is approximately 
17 minutes. We calculated this time frame by calculating the satellite’s orbit time, assuming it is 400 km 
above the surface of Mars. We then found the acquisition circle radius of the module. From that, we found 
the arc length on Mars and the angle of the arc length. By projecting that angle 400 km above Mars’ 
surface we were able to calculate the transmission time. However, these calculations were made assuming 
a perfectly smooth sphere. For more detailed calculations and equations see the Appendix B [32]. 

The satellite will be sending out beacons, which will be picked up by the module when the satellite is 
within contact range. The first beacon the module picks up can then be used as a reference for when 
transmission can begin. We will use packet-based transmission to send the data to the satellite. This will 
work by sending little packages of data and waiting for confirmation from the satellite before the next 
packet is sent. We plan on losing some packets in the transmission but there will be enough time to resend 
lost packets. Weather disturbances, such as dust storms, will prevent the module from transmitting data but 
the data storage in the computer will be able to store this information until the next transmission window. 

4.7 Shell 

The frame is made from an Aluminum-Lithium alloy, with 2.6% Li, which has a high ductility, good 
damage tolerance, and good corrosion resistance compared to other Aluminum alloys. It also has a lower 
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density than pure Aluminum. It is commonly used in space applications such as the fuel tanks for space 
shuttles. Alcoa, Inc. manufactures such an alloy (Alcoa 2090) that meets our requirements [33]. 

The frame has a collapsed radius of 8.95 cm and an approximate expanded radius of 13.35 cm. To find the 
dimensions, we wrote a computer model (see Appendix C). The fr^e expands upon deployment because 
of a spring-loaded axial shaft. A swivel mechanism guarantees orientation due to gravity. The complete 
inner mechanism includes small pathways for wiring. There are several possible ways to build it depending 
upon the strength needed. 

4.8 Mass and Cost Analysis 

After deciding on which components to use for the module, we made a table of the approximate cost and 
weight of the complete module as shown below in Table 5. The majority of the mass is from the frame, 
octet frames, and batteries, which total 2576 g. The solar panels account for the majority of the cost at 
$465.37. However, since the panels are available in such small sizes, we can closer approximate the shape 
of the octets as well as have little waste. 

The insulation is also worth noting because, while it is labor-intensive to make, the cost of making enough 
insulation for 1000 modules would be approximately the same amount as making insulation for one module 
[25, 34]. 


Table S: Approximate Weight and Cost of Module 


Component: 

Quantity 

Cost ($) 

Mass (g) 

Thermometers 

1 

99.40 

7* 

Barometer 

1 

44.00 

30* 

Nephelometer 

1 

45.00* 

20* 

Radio 

1 

6.95 

10* 

Antenna 

1 

10.00* 

125* 

Amplifier Transistor 

1 

0.30* 

5* 

Octet Frames 

0.576 kg 

25.40 

576 

Frame 

1.0 kg 

44.10 

1000* 

Insulation 

1 

55.63 

41.3 

Computer 

1 

20.00* 

25* 

Memory Chip 

1 

4.00* 

10* 

Batteries 

1 

125.00* 

1000* 

Solar Cells 

672cm 

465.37 

56.448 


Total: 

945.14 

2905.748 


indicates estimated values 

5. CONCLUSION 


Team ARES has designed an efficient, innovative and appropriate weather station. The spring loaded axial 
shaft and swivel mechanism guarantee the module’s orientation upon deployment. The data processing and 
storage chips are more than capable of withstanding the climate and operating the entire system. They will 
control when measurements are taken, convert the data from analog to digital, and store and transmit the 
data. They will also control the heating of the octets so that the instruments are at a proper operating 
temperature. The instruments chosen will operate in Mars’ harsh climate, and return accurate data 
concerning the changing atmospheric conditions. With a combination of solar panels and batteries, the 
weather station will have sufficient power to gather, store and transmit data for at least one Martian year. 
The insulation allows for low heat loss as well as protecting against radiation hardening. The spherical 
shell design is versatile and small enough to fit in any deployment shell, and the instruments are arranged in 
the lobe to guarantee the correct orientation. 

Overall, our module will have a mass of approximately 2.9 kg, cost less than $1000, and is versatile enough 
to be used in many applications. 


6. FUTURE STUDIES 

At this point, much of the module is purely hypothetical. In order to test the extent of its capabilities, 
funding is needed to build a working model and expose it to a simulation of the Martian climate. Such 


I 
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testing would enable experimental observations to be taken into account, such as radiation effects and 
severe weather effects, particularly those resulting from dust storms. One of the most important aspects 
that must be considered when testing is the instrumentation exposure to radiation. It is important to look 
further into radiation hardened components and/or radiation insulation. 

Other possible applications for our design include employment to the far side of the moon for research. It 
could also be dropped in the middle of forest fires to gather information. With these things in mind, we 
feel that our module is worthy of further development and research. 
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APPENDIX A 


Heat Loss Over Time 



Time (hr) 

Figure 1 : Heat Loss of Module over 24-hour period 


Solar Power Over Time 



Time (s) 

Figure 2: Combined Solar Energy from Solar Panels 
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Satellite Orbit 


Calculations for Satellite Orbit [32] 
Satellite Path=23 860 000 m 
Orbital Velocity (Vq)= 3,358 km/s 
Orbit Time=7105 s 
Mars Radius (R)=3397 km 
Satellite Height (h)=400 km 
Satellite Radius (r) =3797 km 
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Abstract 

The Plasma Accelerated Reusable Transport System (PARTS) is an unmanned cargo shuttle 
intended to ferry large payloads to and from Martian orbit using a highly efficient VAriable 
Specific Impulse Magnetoplasma Rocket (VASIMR). The design of PARTS focuses on balancing 
cost and minimizing transit time for a chosen payload consisting of vehicles, sateUites, and other 
components provided by interested parties. 

1 Introduction 

Throughout the last half-century, and especially in the last decade, the exploration of 
Mars has been a priority of scientific research. From Viking and Mariner performing basic flyby 
and surface observations, to Pathfinder and Surveyor searching for water and life, this 
commitment is verified. There is no reason to believe this desire for progress will relent, nor 
should it. In fact, countless missions are planned for upcoming years that put a permanent 
scientific presence on and above Mars' surface, not the least of which is establishing a temporary 
human colony on Martian soil. Building this presence means accelerating missions currently on 
the drawing boards from ideas into realities. Unfortunately, current methods and technologies in 
space travel prohibit carrying out even a fraction of the missions we conceive. Sending satellites 
independently to Mars on chemical rockets is simply cost and time ineffective. 

PARTS intends to eliminate this roadblock. Being able to ferry multiple satellites, 
descent vehicles, and other mission components in one trip immediately improves efficiency, 
especially by lowering cost to individual participants. Utilizing modem technology, specifically 
plasma propulsion, makes travel quicker and more fuel-efficient. Transit time will be measured 
in weeks rather than months, and fuel consumption will be a tiny fraction of what today's rockets 
require. Once operational in 2015, and having a lifetime of ten years, PARTS will serve as a 
permanent transportation link between Earth and Mars, and redefine our access to Mars in the 
way the Shuttle redefined our access to orbit. Establishing this link will greatly accelerate 
progress for a much wider scientific community. 

2 Approach to the Problem 

The vast scope of the problem of establishing this link was immediately apparent. 
Principally, we would have to: 

1. Determine and upscale a plasma-based engine to suit our requirements. 

2. Adapt a nuclear reactor and model an associated power system. 

3. Design and model a spacecraft and payload bay in accordance with the above. 

4. Develop functional docking operations. 

5. Maintain weight within a reasonable envelope. 

6. Model an appropriate trajectory and mission architecture. 

7. Construct a communications link within the constraints of plasma propulsion effects. 

8. Decide how such a large-scale spacecraft would be assembled. 

9. Ensure the final design was within legal and environmental restrictions. 

Initially, these tasks were subdivided among team members based on individual 
interests and strengths, yet we soon discovered the interdependence between these requirements. 
Often a solution to one problem meant the creation of a new problem elsewhere. This simple fact 
of engineering led us to insist on consistent and free communication between group members 
and transference of ideas among topical segregates. This is chiefly how the PARTS team has 
operated throughout the course of the last two months and how it will continue to operate until 
design completion. 

The layout of PARTS can be found in Appendix A, which may be used as a reference 
guide throughout the report. Since PARTS is a cargo shuttle, the launch and payload operations 
were the first to be defined. 
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3 PARTS DESIC3N 
3. 1 Cargo Bay 

Currently, the largest methods of 
transporting a satellite from Earth to orbit 
are the Shuttle and the Delta IV Heavy. 

Both can lift in the neighborhood of 
twenty-three metric tons to low earth 
orbit (LEO). Due to these weight 
restrictions, the PARTS ship has been 
separated into two stages. Each will 
launch separately, one on a Delta IV 
Heavy and the other on the Shuttle. The 
first stage of the ship includes everything 
aft of the nuclear reactor (Figure 1) as well 
as the power rods for the reactor. The 
second stage is the inert reactor. Details 
of both stages are in the foUowing 
sections. Due to NASA's safety policies 
regarding launches of nuclear payloads, 
the reactor will have to be launched 
second and activated in orbit by a team of astronauts. 

The launch of the first stage will begin at the Kennedy Space Center aboard a Delta IV 
Heavy rocket. The engines will ignite, taking the first stage to LEO. Once free of the Delta IV 

payload compartment, latches holding the collapsed 
cargo bay will release. Attitude thrusters attached to 
the docking unit (Figure 2) will fire continuously for a 
few seconds, unfolding the bay (Figure 3). Sensors in 
each member wiU report the success or failure of the 
locking mechanisms. Once completely unfolded, 
depending on sensor output, attitude thrusters on the 
docking unit and rear connector will fire in opposite 
directions, pulling the last of the arms into the locked 
position. If for some reason there is difficulty in 
deploying the cargo bay, it will be addressed by the 
astronauts upon arrival of the second stage. 

At the next available slot after the Delta FV 
launch, the Shuttle will be sent up with the second 
stage. Again, the launch will take place from the 
Kennedy Space Center. Once in orbit, the astronauts 
will serve a threefold purpose. Firstly, they will 
assemble the PARTS spacecraft by docking the two stages. Secondly, they will bring the nuclear 
reactor online by loading the power rods. Finally, they will serve as a contingency plan should 
there have been any difficulty in expanding the cargo bay on the first launch. 


Heavy rocket. The engines will ignite, 
I fl Direction of Thrust 


Attitude Thrusters 



Figure 2 - Attitude Thrusters on the 
Cargo Bay (two not shown). 



Figure 1 - The Two Stages of PARTS. 
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Once these procedures have been 
performed, PARTS will be operational 
Customer payloads will be sent to LEO 
aboard Delta IV rockets inside a custom- 
made payload box, whose details appear in 
the following section. Payloads will be 
delivered to a nearby orbit, whereupon 
PARTS will initiate a sequence of orbital 
maneuvers to place itself within docking 
range. At that time it will switch to attitude 
thrusters and maneuver such that the 
payload is placed in the cargo bay. Capture 
Actuators on all three sides of the cargo bay 
will activate, locking down the cargo. This 
process will repeat three times, at which 
point the entire bay will be full. The 
estimated total mass of the PARTS ship with 
a full load of three Delta IV payloads is 
about 90-110 metric tons. At the appropriate 
time, the ship will engage its engines and depart for Mars. 

Upon arrival at Mars several weeks later, the ship will begin releasing payloads at their 
respective orbit altitudes. Starting at the lowest orbit. Capture Actuators will disengage on two 
of the three sides of the Cargo Bay. The third actuator will give the payload a slight push before 
disengaging. The payload box will use this push and its internal attitude control system to guide 
itself slowly from the ship. Once clear of the ship, PARTS will transmit a command to engage 
explosive bolts placed around the periphery of the box. The bolts will cause the box to separate, 
releasing the cargo into orbit. After some time the orbit of the box halves will degrade such that 
the payload box wiU enter the Martian atmosphere. 

Finally, after releasing all three payloads into Mars orbits, PARTS will again engage its engines 
and depart for Earth for refueling and reloading. 

3.1,1 Truss Members 

The cargo bay will be constructed of 
aluminum. Aluminum was chosen primarily for 
its ability to handle large axial loads, which will 
occur during the unfolding operation.^^ Each 
member is a truss with hinges on both ends, 
similar to a door, and a large cavity in the middle 
(Figure 4). The cavity will house the Capture 
Actuators, whose details follow. Threaded 
through each member will be large power cables 
that will transfer the power from the reactor to the 
engine. 

3. 1.2 Capture Actuators 

Capture Actuators will be placed in the third, eighth, and fourteenth truss members in 
each arm of the Cargo Bay. Each actuator is composed of three cylinders that extend out of the 
base when an electric motor is engaged. The extending arm will be received by the docking 
mechanisms on the Cargo Shell. Three points of contact will assure that the cargo is maintained 
rigidly inside the Cargo Bay throughout the duration of the mission. 



Figure 4 - A Typical Truss Member 
(hinges not shown). 


Launch Operations: 
Unfolding Cargo Bay 


Attitude Thrusters 



Figure 3 The Cargo Bay unfolding. 
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3. 1.3 CARCSa SHELL .11 

In order to bring cargo to Mars without having PARTS land on Earth to pick ^P' ^ 
be required that cargo be placed in expendable, custom-made shells. These wiU be filled wi* 
cargo while on the ground and then launched into orbit using a Delta IV Heavy •'ocket. e 

shells will be about 17 m long and about 4.25 m m diameter. These 

A dimensions come from the payload size restrictions set by the Delta IV 

— r Heavy's available cargo space (Figure 5). The shells will be constructed 

] out of aluminum 6061-T6. This material was chosen for three main 

(Tefc; reasons: it has a high strength to weight ratio; it is easy to machine; and 

1 it is, most importantly, not magnetic. In order to properly dock with 

^ PARTS, the shells will be equipped with four docking mechanisms 

(Figure 6). Four mechanisms were 
chosen over three so that in any 
orientation the shell presents an 
available docking mechanism to 
dock. These mechanisms will be 
used to guide in the three capture 


. *m .. . 

(m.0} 


1 3./72 


die •! 

D«lta IV Heavy 
Aluminum IsegrHi 



Table 1 - Reaction Wheel Specs.^ 


Nominal torque 
range 

+/- 0.20 N-m 

Nominal 

momentum range 

8.6 N-m-sec 

Power 

40 to 80 W peak 

Weight 

6.4 kg 


Figure 6 - Docking Mechanism. 


Figure 5 - Delta IV 

Specifications. actuators located in the cargo truss 

member. The sheUs wiU have a thickness of 0.01 cm. Inside each shell there wiU be f^r tiered 
aluminum rings that wiU be connected by eight equaUy spaced bars. These rings will be used to 
support the aluminum shell. The four docking mechanisms wiU attacMo one of the rmgs. These 
mechanisms will be 430 mm in diameter and 420 mm m height. They wiU each requ 
average of 12 W of power at 24 V. In order for the cargo sheU to 
WiU be equipped with three integrated reaction wheel assembUes (IRWA). The 
provides a nominal torque range of +/- 0.20 N-m with a normal momentum 
m-sec and requires a peak power of 40 to 80 W (Table 1). The reaction wheels are 216x216x102 

mm in size. To provide enough power to 

wheels lithium thionyl chloride batteries wUl be used. These batteries provide 175-440 W-hr/kg 
for about four hours. The batteries will need to provide a maximum of 384 W of power (36 max 
for each docking mechanism and 80 max for each reaction wheel). Each battery will have a mass 
of 2 5 kg. There wiU be a total of two of these batteries, one for earth orbit and one for Marhan 
orbit TTie three IRWA's wiU keep the cargo shell oriented in a parallel position to PARTS. Once 
the cargo shell gets close to PARTS (about 1 m), the docking mechan^ms wiU start to °P^^ a 
rate of 20 mm/s Once the actuators enter the docking mechanisms, they wil close at a rate of 20 
mm/s. This wiU aUow for a smooth docking operation with PARTS and wiU not take more than 

the four hours allowed by the batteries. rr^Ki,. o\ The 

Mass considerations had to be taken into effect to construct the cargo sheU (Table 2). The 

outside aluminum casing wUl have a mass of 154.0 kg, the four rings wiU have a combined mass 
of 90.0 kg (22.5 kg each), the eight bars connecting the emgs will have a ° ^ 

kg (28.75 kg each), the four docking mechanisms wUl have a combmed mass of 64.0 kg (16.0 kg 
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each), the two batteries will weigh 5.0 kg (2.5 kg each) and lastly the reaction wheels will have a 
total mass of 19.2 kg (6.4 kg each). The complete cargo shell will have an approximate mass of 
562 kg. 

3.1.4 ReruELiNG 

Upon returning to Earth orbit, PARTS will need to 
refuel its hydrogen tanks. A cargo shell specifically fitted with 
thermal insulation and cryogenics will launch from the 
Kennedy Space Center and dock with the ship in the usual 
fashion. An arm will extend from the rear of the cargo bay to 
the payload, docking with it. Hydrogen will flow down this 
arm and into the tanks. The empty box will be ejected from 
the ship in the normal manner and will bum up on reentry. 

For safety reasons, automation of the nuclear power rod 
refueling is unfeasible. Thus, when supply is used up, a shuttle will have to be sent to dock with 
PARTS. Astronauts will remove the spent power rods and dispose of them in a maimer 
acceptable to both NASA and the government. New power rods will be inserted, and the PARTS 
ship will be set for more trips. 

3.2 Engine: 

The VASIMR engine, currently under development by NASA, is the leading 
advancement of a high power, electrothermal plasma rocket.^^ Its design incorporates low cost 
by utilizing hydrogen propellant. The design also provides high and variable specific impulse 
putting VASIMR at the forefront of any propulsion system available today.^ 



Figure 7 - VASIMR Stage Diagram. 


Table 2 - Shell Mass Budget. 


Part 

Mass 

(kg) 

Aluminum Casing 

154.0 

Rings 

90.0 

Bars 

230.0 

Docking Mechanism 

64.0 

Battery 

5.0 

Reaction Wheel 

19.2 

Total 

562.2 
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Figure 8 — Helicon Antenna/ 


The first concept involved in the operation of a plasma rocket 
is the understanding of plasma itself. The gaseous state of a 
substance is transformed into plasma by heating the 
substance to extreme temperatures. The electrons are then 
stripped from the neutral atoms. These electrons, which have 
a negative charge, and the ionized atoms, which have a 
positive charge, are combined together making an electrically 
neutral mix of free charged particles called plasma. 
Unfortunately, plasma cannot be contained by any known 
material. Therefore, magnetic fields are needed to control the 
plasma. 

To produce , 


plasma, hydrogen gas will need to be ionized. Hydrogen, 
in liquid form, will be stored in tanks and flow into a gas 
separator. From this, neutral hydrogen gas will be injected 
into the forward-end cell of the engine (Figure 7). In this 
section, electrically powered radio waves ionize the 
hydrogen gas in the presence of a magnetic field, which is 
generated by a series of electromagnetic coils. Dense 
plasma is formed with a device known as a helicon 
antenna (Figure 8). The plasma then flows along the 



magnetic fields into the central cell, where it is further 

energized by a process known as ion cyclotron resonance Figure 9 - Ion Cyclotron Resonance 
heating (Figure 9). Heating. 

In this process, additional radio waves resonate 
with the natural cyclotronic ion motion around the diverging magnetic field lines. This central 
cell behaves like a power amplifier. The plasma is then channeled into the aft cell, which acts as a 
hybrid two-stage magnetic nozzle. The nozzle converts ttie thermal energy of the plasma into a 
highly directed exhaust stream while efficiently detaching the plasma from the magnetic field. 

A critical characteristic of 6\e VASIMR engine is its ability to fluctuate its exhaust 
parameters with constant power throttling (CPT)*, a technique where tfmist and specific impulse 
can be varied while the total power is kept constant. The ability to control power to the helicon 
antenna and ICRH systems allows die flexibility of the exhaust conditions. For high thrust, radio 
frequency (RF) waves are mostly fed to the helicon antenna, while more power is diverted to the 
ICRH system for high specific impulse. The total RF input is kept at a constant maximum for 
efficient consumption of the electric power source. Since die toW power to the engine is kept 
constant, increasing the exhaust velocity will come at the expense of thrust and vice versa. 
However, this allows for maintenance of effective duust at high spacecraft velocities. 

Another advantage of the engine is its lack of electrodes, enabling it to operate at higher 
power densities. The electrodeless design prevents corrosion and contamination that could 
contribute to premature failure and loss of energy through radiation from the contaminants in the 
plasma. Another key feature is the engine's use of hydrogen as its propellant. Hydrogen is 
inexpensive, low weight, and abundant. It acts as radiative cooling for the spacecraft. The ICRH 
uses high voltage and low current, making mass relatively low and resulting in minimal energy 
loss. These characteristics incorporate the demands of the mission ol^tives. 

The engineering concepts of the VASIMR design include die specifications of its 


parameters. 
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These parameters include the following: 

■ total input power 

• cross*-sectional area of the exhaust stream 

■ density of the exhaust pleisma 

■ thrust produced 

■ plasma meiss flow rate 

■ plasma exhaust velocity 

■ initial propellant mass 

Current calculations demonstrate that for a given total input power of 15-20 MW, the 
engine can generate up to 500 N of thrust at 50% efficiency. Once again, varying certain 
parameters such as plasma density and mass flow rate, thrust and exhaust velocity can be 
altered. Specific Impulse, comparable to the design requirements, will range from 3,000-30,000 
seconds. Computations result in an expected propellant mass to be less than 50% of the total 
spacecraft mass. Such parameters require technologies that have not been available as of yet. 
Present limitations will force considerable research and exploration of the engineering aspects of 
VASIMR. Theoretical studies of VASIMR will eventually be verified with laboratory 
experiments. In order to achieve a feasible demonstration of the technology required for 
operation of the engine, an ongoing investigation of design concepts of VASIMR will be 
necessary. 



Figure 10 - Solid Model VASIMR. 
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3.3 Trajectory 

Due to the nature of the 
propulsion system we have chosen, 
impulsive transfers are out of the 
question in all regions of the mission: 
within Earth's sphere of influence 
(SOI), passing between the planets, and 
entering Mars' gravitational field. The 
VASIMR plasma accelerator is simply 
not of the conventional rocket type. 
Instead of firing a short-duration pulse 
to enact an almost immediate step- 
change in velocity, it will provide a low 
continuous thrust for an extended 
period of time. 

However, the impulsive 
situation proves to be undesirable. 
While relatively fuel efficient as far as 
chemical propulsion transfers go, the 
Hohmann transfer takes entirely too 
long to fulfill our mission objectives. 
On the other side of the spectrum, 
high-speed chemical transfers, 
although requiring little time, are 
prohibitively expensive in terms of 
total fuel required, which can easily 
increase the initial mass of the vessel 
by several factors. The VASIMR 
engine provides both the advantage of 
high-efficiency and high-speed. Our 
engine requires, and the mission time 
objective stipulates, that we find a 
trajectory that allows us to exploit the 
promise of plasma propulsion. 

As a result, the generalized 
mission architecture follows: the 

spacecraft starts in low-Earth orbit, 
where it was originally assembled and 
presently docks with shipments to be 
taken to Mars. At the necessary time 
of deployment, VASIMR will be 
engaged, imparting a small but 
continuous acceleration along the 
velocity vector. This gradually adds 



Figure 11 - Optimal Transfer Trajectory, 
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Figure 12 - Opening Spiral Earth Departure. 


energy to the vessel, and will carry PARTS out to larger and larger orbits. Thrusting along the 
velocity vector results in the most efficient increase in spacecraft energy, illustrated by the 
relation: 

d£ - _ 

— = A-v 

dt 

which is maximum when the acceleration A and the velocity v are paraUel. The resultant 
trajectory is an opening spiral connecting LEO to the edge of Earth's SOI. 
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At this boundary, the problem shifts to a heliocentric two-body problem. In the first 
portion of the transfer, PARTS accelerates into a highly elliptical hehocentric orbit that intersects 
with that of Mars. In the optimal scenario, the acceleration occurs to approximately the halfway 
point, achieving an extremely high velocity (Figure 11). After this point, retrofiring will slow the 
craft to a speed acceptable for entering the Martian gravitational field, whereupon a closing spiral 
trajectory describes the craft's motion toward a desired low orbit around the Martian surface. Of 
course these three two-body problems are linked by initial and boundary conditions to produce 
one seamless trajectory profile. 

In the example mission created, the spacecraft begins at a low-earth circular orbit of 
radius 7000 km. Thrusting parallel to the velocity vector at all times, the opening spiral trajectory 
allows PARTS to leave the gravitational influence of earth in 19.6 days (Figure 12). The spacecraft 
then continues to accelerate for eight days, after which the engine is shut off. This is a bang-off 
scenario, and although it is not the shortest possible path, it results in an extremely low- 
consumption mission. Rendezvous with the Martian sphere of influence occurs 166 days after 
shut-off. By this time, the ship has been oriented so that thrusting would now occur on the anti- 
velocity vector. Firing at maximum thrust on this vector results in the settling of PARTS into a 
circular orbit of 4002 km, 10.2 days after Mars SOI arrival. After all payloads have been released, 
PARTS will again thrust parallel to velocity resulting in the same type of opening spiral trajectory 
encountered previously. Only now, with a ship mass approximately half that as before. Mars SOI 
departure occurs in only six days, and time from earth SOI to parking orbit is only 11 days. 

3.4 ATTITUDE Control 

Attitude control will be performed by 32 thrusters located in eight positions, four 
positions immediately forward, and four aft, of the cargo bay. Manufactured by Marquardt, the 
model R-6C bipropellant thrusters can exert 20 N each, and have a lifespan of more than 16 hours 
(thrusting time), yet their combined mass is less than 25 kg. In this configuration, they will 
provide adequate 3-axis control.^^-^® 

Few orbital corrections will be needed, as we are never remaining in one orbit for very 
long. However, they will be pulsed extensively while docking with payloads, as precise 
synchronization in this case is required. Out of parking orbit, pulsing will still be necessary in 
order to keep the ship aligned with our intended direction of thrust. About halfway to Mars the 
ship will turn around to begin retrofiring. This significant attitude adjustment must be made 
expeditiously, thus the steady-state operation of the thrusters will be employed. 

Calculations based on a fully loaded ship and worst-case mass distribution have given us 
expectations for roll, pitch, and yaw rates. We expect pitching or yawing 180° will take no more 
than 11 minutes, firing four thrusters simultaneously. To roll the spacecraft 360° around its 
longitudinal axis, firing eight thrusters simultaneously, will take no more than 90 seconds. We 
feel these high-end estimates are well within reasonable limits. 

3.5 NUCLEAR Reactor 

A nuclear reactor capable of producing multi-megawatts of electric power is necessary to 
allow the VASIMR engine to provide optimal thrust. PARTS will employ a reactor based on 
Battelle's Rotating Multi-Megawatt Boiling Liquid-Metal Reactor (RMBLR). The RMBLR (Figure 
13) uses a bubble membrane radiator to provide up to 20 MW of electrical power at a low specific 
mass. RMBLR uses Ceramic Metallic Composite (cermet) fuel developed by the Department of 
Energy for power production and a direct Rankine cycle for converting the power into electrical 
energy. RMBLR is cooled using boiled liquid potassium and its bubble membrane. Battelle 
completed its conceptual design, but funding was cut before the reactor could be completed and 
tested. With the proper funding, the RMBLR concept could be completed with necessary 
reconfigurations, tested, and implemented on PARTS well within the fifteen year development 
timeframe. 


I 
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Figure 13 - Rotating Multi-Megawatt Boiling Liquid-Metal Reactor (RMBLR I).i 


3.5. 7 Reactor Docking and Power Transfer 

PARTS and RMBLR will be launched separately, necessitating the design of a single use 
docking system. The docking system must also contain an integrated power transfer system that 
will transfer the 20 MW of electric power produced by RMBLR to the VASIMR engine. The 
docking mechanism will be located on the end of the Cargo Bay opposite VASIMR. The 
mechanism wiU consist of three parts; the main body, the locking mechanism, and the power 
outlet (Figure 14). The power outlet consists of 36 sockets each with a surface area of 25 cm^ and 
length of 15 cm. The reactor will be equipped with a "plug." The plug has 36 silver wires that fit 
perfectly into each of the sockets to transfer power from the reactor to the engine. Silver was 
chosen because of its low resistivity (1.61 pohm cm) and high thermal conductivity (417 
W/m °C). After the reactor plug has completely slid into the ship docking mechanism, the 
locking mechanism wUl rotate 45« completely locking RMBLR to PARTS. A manned shuttle 
mission that will also be responsible for providing the cermet fuel rods for the nuclear reactor 
will carry out the docking operations. 



Locking Mechanism 



Cargo-Side Reactor-Side 

Docking Mechanism Docking Mechanism 


Figure 14 - Docking Mechanism Components 
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3.6 Communications 

Due to the interference that the plasma imposes on the signals sent directly to earth from 
the back of the ship (if the signal was sent through the plasma field), communications will be 
accomplished via a relay satellite in orbit aroimd Mars. The Deep Space Network would be the 
ideal ground station due to its highly advanced and unsurpassed capabilities for deep space 
communications. A MARSat from the Mars Network will be used as our Mars-based relay 
satellite. The Mars Network will consist of a constellation of microsatellites and one or more 
MARSats in orbit around Mars. The Mars Network will be the communication gateway to future 
Mars exploration. It is currently being studied at the Jet Propulsion Laboratory (JPL) and the 
beginnings of the prototype Mars Network are tentatively scheduled to be launched in 2003. 

3.G. 1 GROUh^D Station 

The Deep Space Network (DSN)^o will be used as the ground station for communications 
to and from PARTS. The network consists of three facilities that are located approximately 120 
degrees apart: one at Goldstone, California; one at Canberra, Australia; and one at Madrid, 
Spain. Each ground station controls one 70 m antenna and several 34 m antennas for 
communicating with deep space spacecraft. The 70 m dish is the largest and most sensitive DSN 
antenna, and is capable of tracking spacecraft traveling more than 16 billion km from Earth. 
Each DSN site has one central Signal Processing Center (SPC) connected to the ground station's 
antennas. Each SPC is connected in a network, providing hand off capability between stations 
allowing 24-hour coverage of deep space spacecraft. Also, the three facility locations are located 
in very dry areas so the communication disturbances due to rain can be neglected. DSN has a 
designated uplink frequency of 7145-7190 MHz and a downlink frequency of 8400-8500 MHz for 
X-band telecommunication links. 

3.G.2 Mars Network 

Mars Network is a proposed constellation of satellites at Mars for providing 
communication and navigation services to other Mars exploration elements. When it is 
completed. Mars Network would essentially be an extension of DSN at Mars, enabling 
substantially more data to be relayed to the Earth than if each Mars exploration element 
attempted to send back its own data directly.^^ A MARSat from the Mars Network will be used as 
a relay satellite for the spacecraft to communicate with Earth. The Mars Network will provide 
nearly continuous communication possibilities with I>SN, however the cormection will be lost 
during times of Mars solar conjunction. There are six superior Mars solar conjunctions that will 
occur between 2015 and 2026, and during these conjunctions Mars is only in the no 
communication zone for about 42 hours.^^ 


I 
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3,3.3 Sracecratt to mar Sat Relay 

The PARTS ship will have a 3 m, gimbaled, parabola antenna used for communicating 
with the MARSat relay satellite. Parabolic reflectors will work best with the chosen carrier 
frequency. Since the signal has to travel five astronautical units (worst case) a large transmitting 
power will be necessary to carry the signal through space.^^ The PARTS antenna will operate at a 
transmitting power of 200 W and will use an X-band frequency of 8.4 GHz (wavelength=0.035714 
m). PARTS' link budget is shown in Table 3. 

Table 3 - Link Budget for PARTS to MARSat 


Item 

Symbol 

Value 

Units 

Frequency 

f 

8400-8450 

MHz 

Transmitter Power 

Pt 

200 

Watts 

Transmitter Power 

P<dB) 

23 

dBW 

Transmitter Line Loss 

Li(dB) 

1.5 

dB 

Transmit Antenna Diameter 

Di 

3 

m 

Transmit Antenna Gain 

Gt 

45.97 

dB 

Equiv. Isotropic Radiated 
Power 

EIRP 

68.98 

dB 

Space Loss 

L. 

-280 

dB 

Receive Antenna Diameter 

D, 

2.7 

m 

Receive Antenna Gain 

G, 

44.92 

dB 

Power Received 

Pr 

-167.75 ! 

dB 

System Noise Temperature 

T. 

75 

'K 

Signal-tcHNoise 

S/N 

13.80 

DB 


3.S.4 MARSat to Earth 

The MARSat relay satellite consists of a 2.7 m antenna for communications with DSN, 
using an X-band relay link. It has high power capabilities {>100 W) and is assumed to operate 
around at least 150 W for relay communications with DSN.^^ The receiving antenna at DSN will 
be a 70 m antenna cooled to an operating temperature of 28.5 degrees. MARSaf s link budget is 
displayed in Table 4. 

Table 4 - Link Budget for MARSat to Earth 


Item 

Symbol 

Value 

Units 

Frequency 

f 

8400-8450 

MHz 

Transmitter Power 

Pt 

>100 

Watts 

T rans mitte r Pow er 

Pt(dB) 

>20 

dBW 

Transmitter Line Loss 

Li(dB) 

1.5 

dB 

Transmit Antenna 
Diameter 

Dt 

2.7 

m 

Transmit Antenna 
Gain 

Gt 

44.92 

dB 

Equiv. Isotropic 
Radiated Power 

EIRP 

9202 

dB 

Space Loss 

u 

-280 

dB 

Receive Antenna 
Diameter ' 

Dr 

70 

m 

Receive Antenna Gain 

Or 

72.02 

dB 

Power Received 

P, 

-142.80 

dB 

System Noise 
Temperature 

T, 

28.5 

'K 

Signal-to-Noise 

S/N 

31,25 

dB 
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4 CONCUUSIONS 

Although space exploration has been developing at a phenomenal rate. Mars remains the 
stumbling block. Recent travel to Mars has been tainted by the back-to-back failures of the Mars 
Polar Lander and the Mars Climate Orbiter. Now, more than ever, time and cost are factors of 
any planned mission to Mars. By significantly lowering the cost of travel to Mars, PARTS will 
expedite its development. Satellites, descent vehicles, and supplies - the infrastructure of a 
manned mission - could all be sent to Mars at a fraction of the cost and a multiple of the speed 
provided by current technology. In this light, a shuttle link to Mars is necessary. PARTS is this 
link, and by researching and developing the related technology, the colonization of Mars could 
arrive years before even the most optimistic chemical-rocket-based prediction. 

5 Future Studies 

In the upcoming months, we will have to expand on our current findings in order to 
augment our design. We will analyze topics and problems not addressed at this time. Some 
revisions will include: 

1. Continually adapting our use of the VASIMR engine to include significant changes made 
(and released to the public) by those specifically researching and exp>erimenting with that 
engine. 

2 . Revising our application of thrusters for attitude control, and interfacing with a 
Guidance and Navigation computer yet to be designed. 

3 . Developing a complete trajectory profile that is seamless in all regions of travel. This will 
involve solving a multiple-point boundary value optimal control problem. Our goal is to 
fix thrust state in the problem (so that the engine is always on), yet optimize thrust angle 
(relative to the flight path) such that trip duration is minimized. Ideally, we can keep this 
solution general enough that it will apply, after changing initial and boundary 
conditions, to a mission starting on any date, irrespective of the planets' relative 
positions. 

Additions to the design will include: 

1. A full structural analysis of all hardware to ensure loads and torques are within 
tolerances everywhere. 

2. Verification of complete thermal equilibrium of all PARTS components. 

3. A comprehensive cost analysis, detailing all research, development, and production 
costs. 

4. A balanced determination of risk, considering both the risks of preventable system 
failure and environmental catastrophe. 

6 Outreach 

Interacting with the community is an important part of any project. Team PARTS will be 
presenting its design in front of Embry-Riddle Aeronautical University (ERAU) faculty, graduate 
students, and family members of the design team later this year. Several projects are planned to 
do miniature presentations in front of local elementary and middle school students. This will 
encourage yoimger students to get involved in the engineering and space fields. Also, articles on 
PARTS will be printed in the local Daytona Beach newspaper. The News Journal, the ERAU school 
newspaper, the Avion, and the Engineering Physics Newsletter to garnish exposure to the design 
project. 
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Abstract 

A 4* generation launch architecture is studied for the purpose of drastically reducing launch costs 
and hence enabling new large mass missions such as space solar power and human exploration of other 
planets. The architecture consists of a magnetic levitation launch tube placed on the equator with the exit 
end elevated to approximately 20 Ion. Several modules exist for sending manned and unmanned payloads 
into Earth orbit. Analysis of the launch tube operations, launch trajectories, module aerodynamics, 
propulsion modules, and system costs are presented. Using the hybrid logistics module, it is possible to 
place payloads into low Earth orbit for just over $100 per lb. 

Introduction 

Humanity has dreamed of expanding their realm to include space and other planetary bodies and to 
use space to improve our own planet. Most of these goals require a large mass in Earth orbit. However, 
before this becomes practical the cost of access to space must be reduced drastically. Bifrost is one of 
many 4*^ generation launch concepts designed to reduce the cost of access to space, and hence enable 
projects such as space solar power and human exploration of other planets. The overall architecture is 
based on a concept developed by Powell et al [1]. 

Bifrost consists of a magnetic levitation launch tube with the exit end elevated to approximately 20 
km. A common hybrid logistics module (HLM) is designed to attach to an array of propulsion modules 
that accommodate different missions. This paper focuses on the trajectory analysis for placing the HLM 
into LEO, and the solar electric propulsion module for circularizing payloads in Geosynchronous Earth 
orbit (GEO). A brief description of the remaining components is also provided for completeness. 

Concept Overview 

The architecture consists of an evacuated magnetic levitation launch tube, with one end elevated to 
20 km located on the equator, which sends a vehicle into an elliptic Earth orbit. The apogee of the orbit 
depends on the desired destination. The launch tube is capable of launching either a HLM and associated 
hardware, or the deep space space shuttle (DSSS). The HLM is a payload camster with a common 
interface for the propulsion module. It can contain several different internal configurations for launching 
different types of payload. Three propulsion modules exist for three different in-space purposes. For 
circularizing in low Earth orbit (LEO) there is a solid apogee kick motor. For umnanned operations in near 
Earth space there is a module with a liquid rocket engine. For circularizing payloads in Geostationary 
Earth orbit (GEO) there is a low thrust electric propulsion module. The DSSS has a passenger cabin and 
uses a propulsion system based on the liquid rocket engine module. It can be used for manned missions to 
the moon, and beyond with its refueling capability. Each con^nent of the architecture is described in the 
following sections in more detail. Appendix A shows a summary of each component in the architecture. 
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Launch Tube 

The launch tube uses magnetic levitation technology to accelerate a vehicle through an evacuated 
tube to orbital speeds. Each vehicle is loaded into the 5 meter diameter launch tube through an airlock to 
maintain the vacuum. Due to acceleration limits on human cargo, the tube must be about 1400 km long. 
Track acceleration can be varied to change the departure velocity for different missions and to 
accommodate human payloads. The tube is elevated using large magnets to repel the tube from the ground, 
and it is held down using adjustable length cables to vary the exit angle. 

The launch tube is located on the equator to take advantage of the Earth’s rotation, and the exit end 
is elevated to about 20 km to reduce drag on the vehicle being launched. The launch tube concept is based 
on the Startram concept developed by Powell et al [1]. Figure 1 shows an artist’s rendering of a vehicle 
being launched using the Bifrost launch tube. The cables that hold the tube down and make adjustment of 
the departure angle possible are clearly visible in the sketch. 



Figure 1 : Artist’s rendering of a vehicle being launched using the Bifrost launch tube. [ 1 ] 


DSSS 

The deep space space shuttle is designed to be a refuel-able spacecraft which will be used for a 
variety of manned missions to both earth based as well as interplanetary space. Two different DSSS 
configurations will be analyzed and sized. Both variants of the DSSS will consist of large expansion ratio 
liquid rocket engines to impart 6,000 m/s of velocity to the spacecraft. The differences in the 


I 



2002 RASC-AL Forum 41 


configurations will be in the fuels analyzed (LH2 and CH4). These different propulsion types are 
summarized in Table 1 . Figure 2 shows a possible configuration for the DSSS which is capable of carrying 
8 passengers and 250 kg of payload. 


Table 1: Propulsion Characteristics For DSSS 


Type 

Liquid 

Liquid 

Propellants 

LOX-LH2 

LOX-CH4 

Cycle 

Expander 

Expander 

Mixture Ratio 

5.5 

3.5 

Expansion Ratio 

175 

175 

Ispvac (sec) 

463 

368 



Figure 2: DSSS configuration. 


DSSS Missions 

As aforementioned the DSSS module was sized to acconplish a AV maneuver of 6,000 m/s. This 
sizing allows the DSSS module to complete many different missions. An analysis was conducted to find 
the required AV to accomplish different missions including space tourism. Lunar Landing missions, LI 
missions, as well as different Mars trajectories. A summary of the missions is included in Table 2. 


Table 2: Trajectory Analysis for the DSSS. 



Space Tourism 

Lunar Lander* 

Mars Hohmann 

Mars 120 day^ 

Mars Lander* 

Circularization 

300 m/s 






Leaving LEO 


3106 m/s 


3590 m/s 

5139 m/s 

3590 m/s 

Arrival 


1445 m/s 


2093 m/s 

4847 m/s 

2093 m/s 

DeOrbit 

275 m/s 

2070 m/s 




160 m/s 

Ascent 


2070 m/s 




2280 m/s 

Total Delta V 

575 m/s 

8691 m/$ 


5683 m/s 

9986 m/s 

8123 m/s 


Table 2 (Continued): Trajectory Analysis for the DSSS. 


LI Hohmann LI /Mars Transfer* 


Circularization 
Leaving LEO 

3089 m/s 

3089 m/s 

Arrival LI 

224 m/s 

224 m/s 

Depart LI 


224 m/s 

TMI 


501 m/s 

Mars Insertion 


2093 m/s 

Total Delta V 

3312 m/s 

6130 m/s 


* Refueling Required 
^ Not Possible with current configuration 


As this table depicts, the DSSS will be able to accomplish space tourism, Mars Hohmann, and LI 
Hohmann missions without refueling. It should be noted that the Mars Hohmann mission is very slow and 
would not be feasible with this size manned spacecraft. The other missions such as Lunar Lander, Ll/Mars 
Transfer and Mars Lander are possible if the infrastructure exists to facilitate refueling of the DSSS. 
Currently missions to Mars in 120 days are not possible with the propellant available on the 6,000 m/s sized 
DSSS. Additional propellant volume and therefore AV can be added to the DSSS, but it would result in a 
larger more costly spacecraft. 
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HLM 


The hybrid logistics module is designed to have a common interface for attaching to various 
propulsion modules, aero-shells, and the launch tube. Four HLM internal configurations were analyzed for 
this project. They include a logistics configuration, a water transport configuration, a space solar power 
configuration, and a communications satellite configuration. Packaging for each module is shown in 
Figure 3. The HLM measures 5 meters in diameter, 1 2 meters long, and has an empty mass of 1 1. 1 metric 
tons. For simplicity of the propulsion modules, the RCS system is located on the HLM. 


Logistics Module 
•GLOW = 3 1.5 MT 
•ISS Re-supply 
•Storage Space 


Space Solar Power 





Comm. Satellites 



Figure 3: Four configurations for the HLM showing packaging and total mass. 


Propulsion Modules 

Three different propulsion modules were designed to integrate with the HLM. They include a solid 
apogee kick motor for circularizing in LEO, a liquid rocket engine for near Earth operations and further 
with refueling, and a solar electric propulsion module for circularizing in GEO. 

Solid Module 

For circularizing in LEO, a solid propellant motor was chosen due to the low velocity change 
required, and the low cost of solid rocket motors. About 300 m/s is required to circularize in a 400 km 
circular orbit assuming the launch trajectory has its apogee at the same altitude. Parameters for the solid 
motor are shown in Table 3. Figure 4 shows an artist’s conception of the solid propulsion module. 
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Table 3: Parameters for the solid rocket propulsion module. 

Type Solid 

Propellants AP, Al, HMX, HTPB Binder 

Expansion Ratio 85 

Ispvac (sec) 297 


Liquid Module 



Figure 4: Schematic of the solid 
propulsion module. 


The liquid propulsion module is designed to carry payload to accompany manned missions using the 
DSSS and to deliver payload to Mars. The 120 day Mars mission is the highest delta V of the possible 
missions for the liquid propulsion module at 10 km/s. A payload of the most massive HLM, the 50.4 ton 
water transport module is assumed. Rocket engine performance was calculated using SCORES [2], an in- 
house liquid rocket engine analysis code, using the parameters shown in Table 4. A schematic of the liquid 
propulsion module configuration is shown in Figure 5. 


Table 4: Parameters for the liquid rocket engine. 


Type 

Liquid 

Propellants 

LOX-LH2 

Cycle 

Expander 

Mixture Ratio 

5.5 

Expansion Ratio 

175 

Ispvac (sec) 

463 


Standard Interface 

To HLM Hydrogen Tanks (2) 



Figure 5: Schematic of liquid propulsion module configuration. 
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SEP Module 

The SEP module makes use of the high 
efficiency of electric propulsion to circularize a 
payload in GEO from a highly elliptic transfer 
orbit. The module first circularizes by thrusting 
for approximately 60“ centered around apogee, and 
then thrusting continuously to slowly spiral out to 
GEO. Due to the low thrust of the propulsion, a 
solid apogee kick motor is fired on the first orbit to 
raise the perigee to 100 km altitude. Figure 6 
shows a schematic of the trajectory. 


The vehicle makes use of inflatable 
technology to increase the specific power of the 
solar collection system. Two inflatable 



Figure 7: Configuration of the SEP module. 
HLM attaches on the right. 



Figure 6: Notional spiral trajectory showing 
circularization, and the orbit rising to GEO. 


concentrating reflectors are attached to opposite 
sides of the vehicle, and are supported by inflatable 
struts. Light is reflected from the inflatable 
reflectors through a lens, off a mirror, and onto a 
solar array. This conplicated light path allows for 
two key features: only light passes through the 
rotating joint of the reflectors, and the solar arrays 
are close to the electric propulsion. The 
conq)lexity and weight of the system is minimized 
by only passing light (and not electricity) through 
the rotating joint of the reflectors. Proximity of the 
power source to the load reduces the line losses by 
about 4%, and reduces the mass of wiring. Due to 
the size of the inflatable reflectors, a deployment 
system is necessary for the rotating mechanism and 
the lens. The configuration of the vehicle is shown 
in Figure 7. 

The power generation system uses the 
inflatable reflectors to concentrate sun onto a solar 
array. The array is con^osed of triple junction 
GalnP 2 /GaAs/Ge solar cells operating at 30% 
efficiency. To prevent the cell efficiency from 
dropping due to heat, a thermal control system is 
necessary. Mass per area of the inflatable structure 
was assumed to be similar to hardware produced 
by L’Gard [3]. Total mass of the power system 
comes to 900 kg to produce 86.8 kW of electric 
power. 


I 
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The propulsion system consists of a Xenon ion engine. The analysis was based on propellant type, 
exhaust velocity and available power. Using the available power, the Isp is calculated. A curve fit of 
thruster efficiency as a function of Isp from [4] is used to get the thrust after reducing the input power to 
account for the power processing unit. Engine mass was also calculated using curve fits from [4], and 
accounts for the engine and the power processing unit. 

Trajectory analysis was performed using an in-house numerical integration code based on Cowell’s 
method. Two steps were required for the trajectory from the launch tube to GEO. The first step used 
eccentricity as the stopping condition and commanded thrust for about 60® of true anomaly centered on 
apogee. The next phase used continuous thrust to increase the orbital radius until GEO was reached. Both 
phases maintained the thrust parallel to the velocity vector. The Earth shades the vehicle for only 4.8% of 
the orbital period, and so was not accounted for. Since the SEP module only thrusts for 60* of the orbit, 
launch timing can be used to determine the argument of periapsis to keep the thrust segment out of the 
shadows during circularization. 

Use of a conputational framework enabled system-level numerical optimization. Each of the 
disciplinary analyses were wrapped and added to the model. In addition to the disciplinary analysis, 
several built in optimization methods are available. The design was converged using a script con^onent 
that performs fixed point iteration. 

After several trial runs, sequential quadratic programming was chosen as the most effective 
optimization scheme of those available in ModelCentePD. The optimization process used the normalized 
initial mass for the objective function, with the goal to minimize this quantity. Table 5 lists the constraints 
and the design variables with their upper and lower bounds. 9, the angle of the rear reflector support strut 
is limited to prevent shading from the strut. The rear strut length, D;, and the overall reflector length, 
are limited in size to keep the structural dynamics problems to a minimum. Side constraints were placed on 
the parabola constant, Xrt^y exhaust velocity, and magnification to keep them within physically reasonable 
bounds. The design variables are the parabola constant, the position of the lower edge of the reflector, Xr^, 
the exhaust velocity, and the magnification. All other quantities were fixed due to the Bifrost launch 
architecture. 

To aid the optimizer, the objective function, the constraints, and the design variables were all 
normalized. The default settings were used for finite difference gradients and convergence. 


Table 5: Constraints and design variables with their bounds. 


Variable 

Lower Bound 

Upper Bound 

0(deg.) 

3 

None 

D, (m) 

None 

60 


None 

45 

Parabola Const. 

0.001 

O.l 

Xf^ (rti) 

0.01 

1.0 

Exhaust Vel. (m/s) 

14,000 

40,000 

Magnification 

40 

800 


Results 

This project focused on analysis of the launch trajectory, and the design of the SEP module. Results 
from the analysis and optimization from those two activities are presented below. Additional work was 
done on the DSSS and solid propulsion module and the cost of launch using the DSSS and HLM. 
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LEO Launch Trajectory 

Trajectory analysis of the HLM was performed using the Program to Optimize Simulated 
Trajectories (POST) [5]. Due to the preliminary stage of the study, a parametric representation of the data 
was desired. Launch tube release velocity, exit angle, altitude, and aero-shell geometry were varied, and 
the required spacecraft velocity increment to reach LEO (400 km circular orbit) was recorded. Dynamic 
pressure, heat rate, and acceleration were also recorded for use as constraints. 

Aerodynamic analysis was performed using the Aerodynamic Preliminary Analysis System II 
(APAS) tool [6]. Three different aero-shells were analyzed for the HLM, to determine the sensitivity of the 
trajectory to the aerodynamic performance of the HLM. The three shapes analyzed are shown in Figure 8 
along with their respective drag numbers. Figure 9 shows the variation in drag coefficient as a function of 
Mach number for each length of aero-shell. The reference area is the cross-section area of the vehicle. 

The aerodynamic data from above was then used in POST to create velocity increment charts. 

Figure 10 shows a representative plot of the results of the trajectory trade study using the lowest drag aero- 
shell with the acceleration, heat rate, and dynamic pressure constraints marked on each curve. Values of all 
constraints increase as the release velocity increases. 



Cdo ' 0.65 


Cdo-0.44 


Ctjo - 0.35 


Figure 8: Geometry for the three different aero-shells studied. 


2002 RASC-AL Forum 41 


Effect of Nose Geometry on C^o 





Medium 

Nomcoim 



■ Mach « > 10. AJtttude > 30 km 

■ Mach# = 30.AMtu<te»40km 



Figure 9: Conparison of drag at Mach 10 and Mach 30 for the three different aero-shell lengths. 



Release Velocity (tn/s) 

Figure 10: Trade study of release velocity and spacecraft supplied velocity increment to enter LEO using 
the lowest drag aero-shell at a 6° release angle. Dynamic pressure, heat rate, and acceleration increase as 

release velocity increases. 
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DSSS 


As described in the preceding sections two fuels were analyzed for the DSSS, CH4 and LH2. Both 
variants of the DSSS use LOX as an oxidizer and are sized for the AV requirements of 6,000 m/s. Since 
the launch tube inner diameter is set at 5 meters only the length of the overall shuttle was changed to meet 
the propellant requirements. A set cargo (manned and cargo) volume of 80 m^ was used for both variants 
of the DSSS to accommodate the eight passengers and 250 kg of cargo. Table 6 is a sizing summary of the 
DSSS. 


From the sizing analysis it is shown that the hydrogen configuration, although having a higher Isp, 
results in approximately a 45% increase in volume and length. This of course does not include any 
technology enhancements such as slushed hydrogen, which may be technologically viable when Bifrost 
becomes operational. Table 6 shows a sizing summary of the DSSS. 


Table 6: Sizing summary of the DSSS. 


Propulsion: 

LH2/LOX 

CH4/LOX 

Landing Isp (sea level) 

440 sec 

350 sec 

In- space Isp 

462 sec 

368 sec 

Installed Eng. T_sl/We 

55 

75 

Overall T/W at Exit 

0.8 

0.8 

O/F Ratio (weight) 

5.5 

3.5 

Geometry: 

Total Propellant Mass 

64,185 kg 

96,857 kg 

Oxidizer Volume 

51 

65 m’ 

Fuel Volume 

148 m’ 

50 m’ 

Non-Cabin Volume 

56 m’ 

39 m’ 

Total Est. Volume 

335 m’ 

234 m’ 

Est. Length 

17.0 m 

11.9 m 

Sizing: 
Mass Ratio 

3.76 

5.27 

Initial Mass 

87,459 kg 

119,541 kg 


Solid Module 

Using the above trajectory analysis and a simple sizing routine, a mass was determined for the solid 
propulsion module for each of the four HLM configurations. In order to produce only four different solid 
rocket motors it will be necessary to ballast the HLM to one of the masses listed in Figure 3 above. Table 7 
shows the mass of the solid propulsion module for each HLM configuration. 


Table 7: Solid propulsion module mass for each HLM configuration. 


HLM Configuration 

HLM Mass (metric tons) 

Solid Propulsion Module Mass (kg) 

Water Transport 

50.4 

6,150 

Space Solar Power 

33.7 

4,120 

Logistics Module 

31.5 

3,850 

Communications Satellites 

19.3 

2,357 
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SEP Module 

On completion of the optimization, the vehicle had lost significant mass from the initial guesses for 
the design variables. The final values of the design variables and select outputs are shown in Table 8. All 
variables are up against constraints except for the parabola constant, and the reflector dimensions and 
D}. Since no time constraint was specified the exhaust velocity is at the maximum allowed for ion engines 
to maximize the engine Isp, and hence reduce mass. The reflector dimensions are primarily derived from 
the exhaust velocity since this determines the power required and the reflector size. Trip time came to 575 
days due to the lack of a time constraint. Depending on the cargo, this trip time may not be acceptable. 
Earlier in the design process optimization was performed with a minimum thrust constraint of 13 Newtons, 
resulting in a trip time of 190 days, but a much higher initial mass of 49,530 kg. The full 12 point mass 
breakdown structure is shown in Table 9. 

Operations and Cost 

Operations analysis was also performed as a contributing analysis to determine the cost of the 
launch architecture. The Architecture Assessment Tool - enhanced (AATe) written at Kennedy Space 
Center was used in the development of the operational model for Bifrost. The analysis is based on data 
taken from Space Shuttle operations but uses aggressive assunptions in terms of automation and required 
maintenance. Figure 1 1 shows the results of the site layout and analysis. 

The operational model and costs were added to a weight based costing model to determine overall 
system costs. The DSSS is designed to last for 500 flights with a unit cost of $2.5B, while the HLM is 
expendable with a unit cost of $6M including a propulsion module. The ground facility was assumed to be 
paid for by a government, but the operational and maintenance costs are covered by the launch operator. 

All non-recurring costs were distributed evenly over the 40 year program life. Table 10 shows the 
remaining assumptions for each vehicle, the life cycle cost for each vehicle, and the total cost per unit mass 
to orbit using the HLM. This architecture shows drastic improvement over current launch technology, and 
enables launch for just over $ 100/lb. 


Table 9: Mass breakdown statement for the 
optimized SEP module. 


Table 8: Design variables and selected outputs 

Component 

Mass (ke) 

after optimization. 


Structure 

1,450 

Variable 

Value 

Power Generation 

830 

Parabola Constant 

0.03476 

Power Distribution 

50 

(m) 

0.9779 

Thermal Control 

190 

Magnification 

40.0 

Propulsion 

480 

Exhaust Velocity (m/s) 

40,000 

Control and Avionics 

110 

0(deg.) 

3.0 

Margin (20%) 

620 

D, (m) 

18.7 

Dry Mass 

3,730 


22 

Reserves and Residuals 

90 


305 

Pressurant 

1 

Mass Ratio 

1.04622 

Payload 

35,000 


40,610 

GEO Mass 

38,820 

Propellant Mass (kg) 

1,790 

Boost Propellant Mass 

1,790 

Engine Thrust (N) 

4.22 

Mini! 

40,610 

Engine Isp (sec) 

4,077 

AKM Mass 

170 

Engine Propellant 

Xenon 

Initial On Orbit Mass 

40,780 



G eneral Service 
Runw ay 


Figure 1 1 : Operational layout showing number of required personnel to operate Bifrost. 


Table 10: Cost of Bifrost architecture in FY02S. 
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Conclusions 

Detailed analysis was performed for the launch trajectory to LEO, and for the SEP module. The 
launch trajectory to LEO was explored and a parametric model is now available for use in overall 
architecture optimization. Input parameters include aero-shell, release velocity, and exit angle. Heat rate, 
acceleration, and dynamic pressure were also recorded for use as constraints. Optimization was performed 
on the SEP module which resulted in an initial mass of 40,780 kg and a trip time of 575 days to GEO 
carrying a 35,000 kg payload. By increasing the thrust to 13 N a more reasonable trip time of 190 days to 
GEO was achieved, but at the much higher mass of 49,530 kg. 

Preliminary analysis of the DSSS and solid propulsion modules was also performed. Two fuels 
were explored for the DSSS, CH4 and LH2. As expected the hydrogen fueled vehicle had a lower initial 
mass of 87,460 kg but was bulkier, measuring 1 7m long. The methane fueled vehicle had an initial mass of 
1 19,540 kg at a length of only 12m. The solid propulsion module required different mass modules for each 
different HLM configuration. Module mass varied from 6,1 50 kg to 2,360 kg for payloads ranging from 
50.4 mt to 19.3 mt. 

The Bifrost architecture is designed to reduce the cost of access to space and to enable a large 
number of missions. The analysis presented in this paper shows that the Bifrost architecture is successful in 
reducing the cost of launch. If the government pays for the facility, the cost of placing one pound of 
payload into orbit using the HLM is just over $100. 

Future Work 

Though much analysis has been performed on the Bifrost architecture, there is still room for 
improvement. There are several components that could benefit from more detailed analysis including the 
liquid and solid propulsion modules and the DSSS. Generation of a complete mass breakdown structure for 
these modules would result in better cost and maintenance analyses. The launch trajectory to GEO also 
requires further analyses and could validate some of the assun^tions made in the design of the SEP 
module. 

Once a complete model of each component of the architecture is complete, optimization of the 
overall system based on the predicted launch market could be performed. This analysis could show the 
correct number of each module to manufacture in order to minimize the cost of payload, manned or 
unmanned, to orbit. Care would need to be taken in the choice of market model since the Bifrost concept 
has the potential, itself, to change the market model. 
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19,300 (Comm. Sats.) 
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Component Name 


Picture 


Initial mass (kg) 

Cost per Flight 
(FY02S IMiilions) 

Payioad (type, kg) 

6,1 50 (water trans.) 


Water 

4,120 (space solar power) 


Space solar power 

3,850 (logistics module) 


Equipment & Inst. 

2,360 (Comm. Sats.) 


Communication Sat. 



HLM + Propulsion 
Module + Aero-shell 



or 



DSSS 


DV 

(m/s) 


Solid Propulsion 
Module 



300 


Launch Tube 



>4,000 
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ABSTRACT 

Astronauts experience severe/invasive disorders 
caused by space environments. These include 
hematological/ cardiac abnormalities, bone and 
muscle losses, immunodeficiency, neurological 
disorders and cancer. While the cause of these 
symptoms are not yet fully delineated, one possible 
explanation could be the inhibition of hematopoietic 
stem cell (HSC) growth and hematopoiesis in space. 
HSCs differentiate into all types of blood cells, and 
growing evidence indicates that the HSCs also have 
the ability to transdifferentiate to various tissues, 
including muscle, skin, liver, neuronal cells and 
possibly bone. Therefore, a hypothesis was advanced 
in this laboratory that the hematopoietic stem cell- 
based therapy, herein called the hematopoietic stem 
cell therapy (HSCT), could mitigate some of the 
disorders described above. Due to the magnitude of 
this project our laboratory has subdivided it into 3 
sections: a) HSCT for space anemia; b) HSCT for 
muscle and bone losses; and c) HSCT for 
immunodeficiency. Toward developing the HSCT 
protocol for space anemia, the HSC transplantation 
procedure was established using a mouse model of P- 
thalassemia. In addition, the NASA Rotating Wall 
Vessel (RWV) culture system was used to grow 
HSCs in space condition. To investigate the HSCT 
for muscle loss and bone loss, donor HSCs were 
genetically marked either by transfecting the p- 
galactosidase-containing plasmid, pCMV.SPORT-P- 
gal or by preparing from p-galactosidase transgenic 
mice. The transdifferentiation of HSCs to muscle is 
traced by the reporter gene expression in the 
hindlimb suspended mice with some positive 
outcome, as studied by the X-gal staining procedure. 
The possible structural contribution of HSCs against 
muscle loss is being investigated histochemically. 
Since there are reports that hindlimb suspended mice 
show decreased immunity, an ability to eliminate 
bacterial infection by the host immune system may 


be compromised in these mice. To prove this, we 
have transformed Escherichia coli with the plasmid, 
pCMV.SPORT-P-gal, which were then used as the 
gene-marked bacteria to infect control and the 
hindlimb suspended mice. Preliminary results by the 
X-gal wholemount staining procedure indicate that 
the hindlimb suspension unloading indeed cause the 
immunodeficiency and the HSCT could help 
eliminate the reporter gene-marked E. coli. 

DF.SIGN POBLEM 

To maintain astronauts' homeostasis in space using 
hematopoietic stem cell therapy, so as to enable them 
to "go anywhere at any time". 

INTRODUCTION 

Several reports indicate hat astronauts develop 
hematological abnormalities, including space flight 
anemia, abnormal red cell morphology and structure, 
thrombocytopenia, 5-20% reduction in red blood cell 
mass, decreased hemoglobin concentration and 
hematocrit. a"d lowered serum eri'tK’-opc'etin levels 
(1-5). It is likely that stem cell self-renewal is also 
inhibited in space, reducing the total number of 
totipotent stem cells in bone marrow. These 
abnormal hematopoiesis in 0/p G could adversely 
affect the astronauts' homeostasis. One avenue to 
overcome the abnormal hematopoiesis might be to 
supply normal hematopoietic stem cells (HSCs) 
periodically, e.g. once in two weeks, to astronauts. 
As the abnormal blood cells will be destroyed in 
time, the newly supplied HSCs could differentiate to 
normal blood cells, thus, maintaining the healthy 
hematological status of the astronaut for some 
duration. This process could be repeated and made 
as routine throughout the long-duration space mission 
so as to maintain this equilibrium state. This is the 
essence of our proposed hematopoietic stem cell 
therapy (HSCT) in space; namely, the objective is to 
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prevent disorders to take place, rather than to repair 
already damaged tissues: the Preventive Medicine 
over the Reparative Medicine. And thus, the HSCT 
could be applied to various disorders in space, 
including space anemia, immunodeficiency and 
muscle and bone losses, as discussed below. It must 
be emphasized that the HSCs should be prepared on 
the ground from individual astronaut’s blood 
preflight and kept frozen. The HSCs should be 
designated to each astronaut and should not be 
intermixed. During the flight the HSCs would be 
thawed and grown and expanded. Following the 
culture, a half of the HSCs would be used for 
transplantation and the other half frozen for the next 
culture. In this way, the individual HSCs would be 
maintained as a normal stock during the long-term 
space flight. A robotic culture system and stem cell 
injection machine would ease the astronaut's 
operation, which project we have recently initiated. 
The transplanted HSCs should be astronaut’s own, 
i.e. autologous transplantation, avoiding the danger of 
graft-versus-host disease (GVHD). Hence, no 
myeloablation by toxic chemicals, such as 
cyclophosphamide and busulfan, would be necessary. 

Growth of Hematopoietic Stem Cells in Space 

The HSCT in space will necessitate establishing an 
optimal condition for growing normal HSCs in 0/p 
gravity from the frozen state. The growth and 
expansion of HSCs in space could be achieved by 
the use of NASA Rotating Wall Vessel (RWV) 
system. Thus, in this paper we describe a part of our 
efforts to culture HSCs in the RWV system with 
some positive outcome. The RWV, aside from the 
low gravity simulating effect, seems to have a 
beneficial effect on the growth of HSCs, since 

according to our experience these cells require 
constant mixing in a low shear force environment and 
spatial colocation of participating cell populations or 
growth factors. We believe that such a condition 
may reflect in vivo status of HSCs, since the body is a 
constantly moving environment to them. In 

consideration of these facts, we have been 

collaborating with the NASA-NIH Center for Three- 
Dimensional Tissue Culture (J. Zimmer-berg, 
Director), conducting several experiments to 

establish the HSC culture in RWV system (6,7). 
While the initial study indicated severe inhibition of 
the HSC growth in the RWV system, by changing the 
conditions we recently succeeded to grow and expand 
the HSCs (see Fig. 4, below). Other laboratories 
have also reported the use of RWV culture system for 


mouse HSCs (8) and erythroleukemia cell line (5), 
with apparent inhibitory effect of the RWV on the 
cell growth and differentiation. As the methods of 
isolation and culture of HSCs are different in each 
laboratory, it is necessary to delineate the optimal 
condition of growth for the individual preparation. 
In addition, since multiple steps are involved in 
HSCT, and gene therapy in future, it is necessary to 
develop conditions, which suit individual needs, so 
that one controlled flow system is available in the 
laboratory. 

HSCT for Space Anemia 

Space anemia may manifest in two forms. One is the 
anemia experienced by astronauts when they return to 
earth from p gravity conditions (4). The other occurs 
in long duration flight in p gravity, since studies on 
hematopoiesis in space indicated that both 
proliferation and differentiation of blood cells were 
severely inhibited. Erythropoiesis was more affected 
than myelopoiesis (2). In our lab, studies on HSCT 
for space anemia are coupled with studies on the 
transplantability of HSCs, since the ability of the 
recipient to express donor hemoglobin is indicative of 
successful transplantation and differentiation of 
HSCs. In addition, successful expression of donor 
hemoglobin indicates that HSCT is successful in 
mitigating anemic conditions. Transplantability of 
cultured HSCs can be analyzed by using (3- 
thalassemic mice (9). The P-thalassemic mice, which 
colony we have established in this institution, have 
been quite useful for us to establish the 
transplantation procedure and also to evaluate the 
quality of HSCs fo- transplantation. Since the 
hemoglobin molecule of the animal clearly differs 
from those of wild type mouse and heterozygotes, as 
analyzed by the cellulose-acetate electrophoresis, the 
transplantation can be assessed by characterizing 
hemoglobin species in the transplanted recipients. 
Thus, transplantability of HSCs grown in RWV 
system can be analyzed by the P-thalassemic mouse 
transplantation system. Regarding the p-thalassemic 
mouse, it is noteworthy that despite the difference in 
basic mechanisms between the P-thalassemia and 
spaceflight, there are uncanny similarities in their 
phenotypes. Namely, the P-thalassemic mouse 
shows abnormal red cell morphology, reduced 
hemoglobin concentration and hematocrit, decreased 
body weight and size, and brittle bones. It may be 
that the common underlining cause is a hypoxic 
condition in the body due to reduced hemoglobin 
concentration, which both disorders display. Thus, 
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this mouse offers a good test model for HSCT, and 
the protocol derived thereof could well be relevant to 
space-caused disorders. 

HSCT for Muscle and Bone Loss 

Emerging reports indicate an extraordinary plasticity 
of HSCs; namely the HSCs, the so-called adult stem 
cells, can differentiate not only to all types of blood 
cells but also to muscle, skin, liver, neuronal cells, 
and possibly bone (10-18). According to Blau et al., 
as much as 15% of muscle cells could be derived 
from the transplanted HSCs in normal mouse (17). 
With regard to bone repair, Cobbs' group showed that 
not only a fractured bone but also completely 
disconnected bone gap was repaired by bone marrow 
derived mesenchimal stem cells (12,18). If this holds 
true in space, the HSCs could be useful to 
countermeasure various space-caused symptoms, 
especially muscle and bone losses (19). Since one of 
the aims of our HSCT is to maintain the homeostasis 
of muscles and bones, as in hematopoiesis above, 
during long-duration space missions such as Mars 
exploration, our working hypothesis is that combined 
with exercise, periodic autologous HSC 
transplantation might prevent muscle and bone losses 
of the astronauts during the long-term exposure to 
0/p G, the differentiating HSCs contributing to the 
repair’ of these atrophying tissues. We are 
investigating these possibilities, using a mouse 
hindlimb suspension unloading model (20). Since 
this model is frequently used to simulate astronauts’ 
bone and muscle losses in space, as well as bed-rest 
patients on earth, information obtained from this 
investigation may shed light for the countermeasures. 
Our experimental design involves the use of 
transgenic (tg) miCC' which harbor ubiquitously 
expressing p-galactosidase (LacZ) gene (21) or green 
fluorescent protein (GFP) gene (22). The HSCs are 
prepared from these mice and being transplanted to 
isologous wild type mice that are hindlimb 
suspended. If the LacZ-HSCs differentiated to 
muscles and bones, then examination of these tissues 
for P-galactosidase expression, which can be detected 
by X-gal (23), blue-color staining, would signify the 
possibility. Similarly, GFP-HSC can be monitored 
by the fluorescence emission. While these are the 
initial studies, more refined anatomical/histological 
examinations would be necessary to ensure the actual 
integration of grafted cells to existing tissues. In 
space situation, our hope is that the earth- 
programmed HSCs would either form new muscle 
cells of ground type or fuse to the existing cells to 


make ground type fibers. As to the frequency of 
HSC transplantation, the interval could be determined 
by the rate of muscle fiber transition from slow to 
fast type (19, 24, 25). The incoming HSCs should 
prevent this remodeling and thus, this myosin heavy 
chain (MHC) isoform change can be the determining 
factor for frequency. 

While it is premature to speculate the contribution of 
HSCs for repair of bone loss and muscle loss in 
space, the participation of HSCs for needed repair is 
apparent from the above reports. In addition, the 
localization of HSCs to bones and muscles might in 
the future make it possible to perform HSC-mediated 
ex vivo gene therapy in space (6,7,27), using 
insuline-like growth factor 1 (IGF-1) gene which 
would promote growth of bones and muscles (26) in 
an autocrine/ paracrine fashion. A few words need to 
be added on the muscle derived stem cells (MDSC), 
which subject is currently actively pursued by several 
investigators (28-30). Although we are also working 
on the MDSC in a mouse system, reproducing pre- 
plating methods of Hoard’s laboratory (29), there 
may be a potential difficulty of this approach to space 
program because of the invasive operations needed to 
prepare MDSC: namely, muscle specimens from the 
astronauts have to be obtained before the flight. 
Unrelated individual's MDSC would result in graft- 
vs-host-disease. Thus, the MDSC approach may not 
be applicable to the space-based stem cell therapy, at 
least at the current level of technology. Compared 
with this situation, hematopoietic stem cells can be 
prepared from the astronauats' blood samples, as is 
commonly done. 

HSCT for Immunodeficiency 

Studies on hematopoiesis in space using human 
HSCs (CD 34-1- cells) indicated a decrease in both 
erythropoiesis and myelopoiesis (2). This decrease in 
myelopoiesis can then lead to decrease in immunity 
at p gravity conditions. Other studies have indicated 
alterations of several immunological parameters, 
including leukocyte blastogenesis, cytokine 
production and leukocyte subset distribution (32-33). 
Since HSCs have the potential to differentiate into all 
types of blood cells, including leukocytes, HSCT 
should be able to mitigate these abnormalities. Since 
one of the aims of our HSCT is to maintain the 
homeostasis of immunity during long-duration space 
missions such as Mars exploration, our working 
hypothesis is that periodic autologous HSC 
transplantation might prevent immunodeficiency of 
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the astronauts during the long-term exposure to 0/p 
gravity, the differentiating HSCs contributing to the 
maintenance of the immune parameters. We are 
investigating these possibilities, using a mouse 
hindlimb suspension unloading model (20). Since 
this model is frequently used to simulate effects of 
spaceflight on physiological changes of the body, 
information obtained from this investigation may 
shed light for the countermeasures. Our experimental 
design involves the use of wild type (C57BL) mice 
which are then intraperitoneally infected with £. coli 
harboring the plasmid, pCMV.SPORT-(J-gal. 
Examination of the tissues for P-galactosidase 
expression, which can be detected by X-gal (23), 
blue-color staining, would signify the level of 
immunity of host system: with blue-color staining 
being inversely proportional to the ability of mice to 
eliminate the bacteria: the more intense blue-color 
staining indicative of a decrease in immunity. The 
second stage would then be to mitigate this 
immunodeficiency via HSCT. The HSCs are 
prepared and transplanted to isologous hindlimb 
suspended mice; If the HSCs mitigated the 
immunodeficiency, then examination of these tissues 
for p-galactosidase staining, would signify the 
possibility of HSCT. 


MATERIALS AND APPROACH 
Experimental animals: 

P-thalassemic mouse, C51BL/6Hbb^/Hbb^: the 

breeding pairs were purchased from the Jackson 
Laboratory, ME and thereafter bred in this institution 
to establish a colony. Breeder pairs for LacZ-mouse, 
B6;!29S-Gtrosa26 and GFP-mcuse, C57BL/6-TgN 
(ACTbEGFP)lObs were also purchased from the 
Jackson Laboratory and bred in this institution. The 
latter two mice express the respective reporter genes 
ubiquitously, except for erythrocytes and hair in the 
GFP-mouse. The animals were handled and 
experimented according to the protocols of the 
Howard University lACUC and IBC. 

Purification of mouse HSCs: 

The HSCs were prepared as described previously 
(31). Briefly, the mice were sacrificed and the tibiae 
and femora harvested; no treatment with 5- 
fluorouracil (FU) was done, unless otherwise noted. 
The marrow cells were obtained by flushing the 
bones with Hank's Balanced Salt Solution (HBSS) 
with 2% FBS. The bone marrow (BM) HSCs were 
enriched/purified by Histopaque 1077 (Sigma 


Chemical Co.; p = 1.077 g/mL) density gradient 
centrifugation, followed by negative and positive 
immunomagnetic purging. Primary antibodies used 
for this purpose were rat anti-mouse L3T4 and anti- 
mouse Lyt2 antibodies (Breton Dickinson) for 
negative selection, and rat anti-mouse Thy 1.2 
antibody (ibid.) for positive selection. Magnetic goat 
anti-rat IgG Ab (BioMag; Advanced Magnetics, Inc.) 
was used as the secondary antibody in both cases, 
and the immuno-positive cells were selected by a 
magnet (BioMag Separator). In our hand, the 
purified Thy- 1.2 ^ Lin' stem/progenitor cells account 
for 0.1 to 0.4% of initial bone marrow cells. In some 
instances, the Sca-l selection was also applied to 
further purify the stem cell population, yielding Thy- 
l‘“LinSca-r (34). 

Long-term liquid suspension culture of mHSCs in 
static culture: 

llie static culture serves as the control to the RWV 
culture on the ground-based experiments. The 
condition of static culture is as follows: purified 
HSCs was seeded in a membrane-vented culture flask 
in IMDM + 20% FBS, supplemented with 10 ng/ml 
of recombinant stem cell factor (SCF), Epo (2 U/ml), 
IL-3 (50 U/ml), IL-6 (2 U/ml), GM-CSF (2 U/ml), 
Penicillin, Streptomycin, and 0.1% starch. The cells 
were incubated at 37°C with 7% GO 2 in a 100% 
humidified chamber. Cell growth kinetics was 
monitored by counting Vital Red-stained cells every 
three days for more than one month. Medium is 
replenished once a week. The HSCs sustained 
vigorous growth in this culture system for more than 
12 months. 

Culture of mHSCs in the Rotating Wall Vessel: 
The RWV culture is conducted in collaboiaiion witn 
L. B. Margolis and W. Fitzgerald in the NASA-NIH 
Center for Three-Dimensional Tissue Culture, who 
operates the NASA RWV culture system. The RWV 
culture was conducted with 12 rpm and the medium 
described as for the static culture. Expansion of HSC 
was determined by cell counting as well as by 
measuring the Thy-l^®KiC population by flow 
cytometer (with FITC- anti-Thy-1.2 antibody (Ab) 
and Rhodamin-anti-cKit Ab). 

Engraftment assay for the cultured HSCs using (3- 
thalassemic mice: 

To eradicate recipient's marrow cells in preparation 
for HSCTP, Cyclophosphamide (CP) and Busulfan 
(BS) were used, rather than y-irradiation. The drug- 
treatment is chosen over the whole body irradiation, 
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because the latter method is not commonly used for 
bone marrow transplantation (BMT) in humans with 
hemoglobinopathies. CP (200mg/kg, i.p.) and BS (80 
mg/kg, p.o.) in Hank’s Balanced Salt Solution 
(HBSS) were administered to mice on two 
consecutive days. Twenty-four hours later, 10 day- 
precultured HSCs (apx. 1 x 10^ cells) in HBSS were 
injected into ocular veins. Contrary to our concern, 
the p-thalassemic mice (C51BL/6-V[bW ^/ could 
tolerate the drug regimen quite well, even better than 
the wild type. Both static cultured and the RWV- 
cultured HSCs, usually after 7-10 days of the culture, 
were harvested, resuspended in HBSS, and injected 
into eye vein of the marrow ablated P-thalassemic 
mice. As the nil control, another group of P-thal 
mice were injected with HBSS alone. The three 
groups of mice were maintained in isolation cages for 
an extended period for testing blood samples. 

HSC transplantation (HSCTP): 

The transplantation was carried out according to the 
procedure described (7,35). For LacZ-mouse, strain 
129S was used as the recipient to prevent GVHD. 
While our routine method of HSC injection is 
through ocular vein, intramuscular injection to thigh 
is also being tried, aiming to deliver HSCs directly to 
leg muscles and bones. 

Hemoglobin typing by cystamine-cellulose acetate 
electrophoresis: 

Approximately 0.1 mL of peripheral blood was 
collected from the retroorbital sinus of mice using a 2 
mg/mL Na-heparin as an anticoagulant. Blood cells 
were lysed with 2 vol. of 'Hb Elution Solution' 
(ISOLAB; 0.05% KCN, 1% Triton X-100, Na-azide) 
and the sample reacted with an equal volume of 
cystamine solution [66.7 mM cystamine, 1.33 mM 
dithioerythritol, 0.1 M (NH 4 )OH]. The samples were 
run on a cellulose acetate electrophoresis (7,36). 

Lac Z staining Procedure: 

The HSCs in culture were harvested by 
centrifugation, fixed with formal in/glutaraldehyde 
and stained with X-gal-Fe cyanide solution (23). The 
differentiation of HSCs to muscles was assessed by 
the Lac Z marker. Harvested tissues were stained 
according to the procedure of Schmidt et al. (21). 

RESULTS 


Fig. lA shows mHSCs prepared in this laboratory. 
These cells are uniformly rounded cells and account 
for approximately 0.3% of initial bone marrow cells. 
Upon culturing in our liquid suspension culture 
system, the cells grew in clusters, the shape 
resembling hanging grapes (IB). These clusters of 
cells appear to represent colonies that developed in 
the liquid suspension culture. Mixing the culture by 
several repeated pipetting dissociated the clusters, 
forming free single cells. 



Purification and the liquid suspension culture of 
mouse hematopoietic stem ceils (mHSCs) 
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Fig. 1. Characteristics of mouse hematopoietic stem cells. A;The 
purified mouse hematopoietic stem cells. Mouse HSCs were 
purified/enriched by immunomagnetic selection and suspended in 
the MEM/20% fetal bovine serum. The picture was taken under 
the Leitz inverted phase microscope. Magnification: 250x. B: 
Liquid suspension culture of hematopoietic stem cells. The 
purified HSCs were incubated in a liquid suspension culture 
medium in a vented 25 cm^ flask for 10 days at 37 “C, 7% CO 2 in a 
humidified chamber and observed under the microscope as in A 

Differentiation of mHSCs to various blood cell 
lineages 

Basic characteristics of hematopietic stem cells is an 
ability to differentiate to various blood cells. In the 
methylcelulose clonogenic assay system in the 
presence of erythropoietin (Epo) and IL-3, our HSCs 
did differentiate to Burst forming unit-erythroid 
(BFU-E), Colony forming unit-granulocyte, 
erythroid, megakaryocyte (CFU-GEM) and Colony 
forming unit-monocytes (CFU-M) (Fig. 2), thus 
satisfying pluripotential nature of stem cells. BFU-E 
colony was reddish colored due to hemoglobin 
production in the cells; CFU-GEM also contained 
some hemoglobinized cells. 


hi 



100 


Fig. 2. Clonal cell culture of purified/enriched mouse HSCs. The 
purified cells were seeded in the medium containing 
methylcellulose and cytokines on the first day of culture. 
Following 14 days culture, colonies were observed under Leitz 
inverted phase microscope and the picture was taken. Three 
kinds of colonies were apparent and these were classified as, (A) 
Colony-forming unit granulocyie/erythoid/monocyte/ 
megakaryocyte (CFU-GEMM) which had a ’’fried egg" appearance 
with a compact hemoglobinized area at the center of the colony. 
The peripheral flat lawn consists of non-hemoglobinized 
translucent cells that may be either large or small; (B) Burst- 
forming unit erythroid (BFU-E): a densely packed group of 
orange- to dark-red hemoglobinized cells without contamination of 
translucent cells; and (C) Colony-forming unit granulocyte/ 
macrophage (CFU-GM): a flat, non-hemoglobinized colony 
consisting of translucent cells. Magnification: x 250. 

Kinetics of HSC growth in liquid suspension 
culture 

1) Static culture: When cultured in our liquid 
suspension culture system, which does not contain 
stromal cells, the HSC numbers in the static culture 
oscillated, having growth phase and apoptic phase 
(Fig. 3). Arrows in the figure indicate medium 
changes during the culture; however, this oscillating 
pattern appears to be independent of the medium 
change. Thus, the self-regulating growth pattern is 
quite unique to the stem cell culture. Flow 
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cytometric analysis for Thy-1.2 + cells increased 
from 4.5% to 70% and c-Kit+ cells increased from 
25% to 90%, indicating the expansion of stem cells. 
During the growth phase, it is possible to subculture 
and expand the stem cells. In one attempt, we have 
kept the liquid culture for 1 8 months. 


GROWTH OF BONE MARROW STEM CEU-S 
IN UQUID SUSPENSION CULTURE 



Fig. 3. Growtli kinetics of hematopoietic stem cells in liquid 
suspension culture. The purified mHSCs were grown in the liquid 
suspension culture as in Fig. 1 B and the cell numbers were 
counted as indicated in the graph. The cell numbers were 
determined by using hemocytometer after staining cells with Vital 
Red Medium change (MC) is indicated by arrows. Duplicate 
cultures are shown 

2) RWV culture: Fig, 4 shows the growth pattern of 
mHSCs in the RWV culture. As reported by others, 
the HSC growth was severely inhibited in the 
Biorector system (Fig. 4A), compared with the static 
culture. However, the inhibition could be overcome 
by two independent mechanisms: the use of High 
aspect ratio vessel (HARV) system, as well as by the 
“1 G exposure” regimen (Fig. 4B). The latte 
operation is to periodically stop the rotation of RWV 
culture. Flow cytometric analysis during the culture 
indicated 98% Kit+ cells and about 4% Thy 1.2+ 
cells. The detailed study will be published 
elsewhere. 


GROWTH OF MOUSE HEMATOPOIETIC STEM CELLS IN THE 
NASA-RWV CULTURE 

A) Grovwtn of mHSCs was severely inhibited )n the RWV 
culture 


Ir . ■ ■ 
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B) Bui. modification of the culture condition has ted to tri*? 
growth of HSCs 
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Fig. 4. (irowth kinetics of mouse henialopoietic stem cells in the 
NASA RWV culture A: The purified mHSCs were grown either 
in a static flask culture or the RWV system. Note the inhibitory 
effect of the RWV system on the HSC growth However, 
modification of the culture condition has led to the growth of 
HSCs, B 

HSC transplantation to p~thalassemic mice 

1) |3‘thal hemoglobin (Hb) types: When 

hemoglobin is treated with cystamine, the chemical 
undergoes disulfide interchange reaction with 
hemoglobin, adding extra positive charges (as 
cysteamine) to Hbs (36). Since the mouse 
globin has an additional cysteine residue in relation 
to the is clearly separated from Hb*'"^’^ 

by cellulose acetate electrophoresis after the reaction 
with cystamine. The Fig. 5 A shows the pattern of Hb 
species of our p-thal mice by this method: the wild 
type C57BL/6J gives one band (hemoglobin single, 
Hb^), while the heterozygote (C51BU6HbbV Hbh^^') 
has two bands, Hb"""‘^ and Hb‘**"‘‘""^ The p- 
thalassemic mice showed only one band: Hb 
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Fig. 5. A: Hemoglobin typing by cystamme-cellulose acetate 
electrophoresis. Blood samples from the wild type (C57BL/6J), 
heterozygote, and b-thaiassemic mice are treated with cystamine 
and electrophoresed in the cellulose acetate strip and stained by 
Ponseou Red. Human hemoglobin markers are shown in the 
extreme left lane. Ori; origin of sample application, d-minor: 
Hemoglobin difluse minor; Hbb*: hemoglobin single. B: HSC 
transplantation in the P-thalassemic mice. HSCs prepared from 
heterozygotes were culture for 10 days in the liquid suspension 
culture and injected to p-thalassemic mouse (5x 105 cells/mouse). 
Following either 3 weeks or 5 weeks post operation, the mouse 
blood were taken and analyzed by cellulose were sacrificed and 
analyzed by cellulose acetate electrophoresis. Note the appearance 
of Hb* in the transplanted p-thalassemic mice, with more time 
elapsing the band getting stronger. 

2) Correction of p-thalassemia by HSC 
transplantation: The successful bone marrow 

transplantation (BMT) of P-thalassemic mice with 
HSCs from C57BL/6J will result in conversion of 
hemoglobin type in the recipient blood from 
to Hb^ Since this combination often killed the p-thal 
recipients, probably due to the GVHD, we opted to 
transplant HSCs from heterozygote to P-thal mice 
(Fig. 5B). The figure shows the chimerism of 
hemoglobin species in the recipients. The longer 
period of post-transplantation results stronger donor 
hemoglobin bands (compare 3 weeks vs. 5 weeks). 

Genetic marking of HSCs 


In order to trace the transplanted HSCs in the 
hindlimb suspended mice, HSCs were designed to be 
genetically marked, using reporter genes. We have 
attempted two methods: one is to transfect HSCs with 
a plasmid harboring p-galactosidase (P-gal) reporter 
gene, and the other is to isolate HSCs from P-gal 
transgenic mice. Fig. 6A shows the P-gal plasmid- 
transfected HSCs, which were subsequently stained 
by X-gal staining procedure, while Fig. 6B shows the 
HSCs isolated from the transgenic mice, similarly 
stained with X-gal. The transfection resulted in more 
than 50% of HSCs to be marked with P-gal , while 
100% of HSCs from the transgenic mice were 
positive in X-gal staining. 

Transplantation of the marked HSCs for HSCT 
for muscle loss 

To initiate the HSC therapy for bone and muscle 
losses, we set up the mouse hindlimb suspension 
unloading system in this laboratory. Currently, P- 
galactosidase-marked HSCs are being transplanted to 
the isologous hind limb suspended mouse and 
differentiation of the HSCs to muscles are 
investigated by X-gal staining procedure. GFP- 
marked HSCs will be also used in the future. Effect 
of exercise on the HSC engraftment and 
differentiation is being investigated. If the 
engraftment/differentiation were proven, further 
studies, such as integration/participation of HSCs to 
existing muscle structure, will be conducted. Effect 
of HSCT and exercise on the prevention of slow- to 
fast-type muscle fiber is under investigation utilizing 
myosin heavy chain (MHC) isoform analysis 
(24,25,37). 

Transplantation of HSCs for HSCT for 
immunodeficiency 

To initiate the HSC therapy for immunodeficiency, 
we set up the mouse hindlimb suspension unloading 
system. Examination of hindlimb suspended mouse, 
following £. coli /pp-gal injection indicated an 
increase in the intensity of blue-color compared to 
control mice, when the tissues are stained with X-gal. 
This indicates a decrease in the ability of hindlimb 
suspended mice to eliminate E. coli and therefore a 
decrease in immunity. Observation of hindlimb 
suspended mice injected with isologous HSCs 
indicated an increase in agility and alertness of 
mouse. When these mice were injected with E. 
co///pP-gal and the tissues subsequently stained with 
X-gal, less stain was detected compared to hindlimb 
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suspended mice that are not treated with HSCs, 
indicating regaining of immunity by HSCT. This 
area of research is currently subject to further 
investigation and more detailed testing. 



Fig. 6. Lac Z marking of HSCs HSCs were purified either from 
A: wild type C57 BL/6J or B; p-galactosidase-transgenic mouse 
and cultured in a liquid suspension culture system The wild type 
HSCs were then transfected with pCMV, SPORT, p -gal 

(LifeTechnology. Inc ) by Lipofectamine method and stained by 
X-gal. With regard to the HSCs from the p-gal transgenic mice, 
the culture was expanded for 3 weeks and an aliquot of the liquid 
suspension culture was stained with X-gal. The pictures were 
taken under the Leitz inverted phase microscope Magnification x 
250 



Fig. 7. Transplantation of p-gal-HSCs to a hmdlimb suspended 
mouse. HSCs from a P-gal transgenic mouse were isolated and 
expanded, and thereafter about 2x 10' cells m 0,25 ml of HBSS 
was injected to thigh and gastrocnemius regions of the right leg of 
a hindlimb suspended mouse Two days later, the mouse was 
sacrificed and various tissues harvested and stained by X-gal stain. 
Note that segments of the large and small intestine (a) were 
strongly stained, while the portions of left leg (b) and right leg (c) 
were positive by the stain. Pictures were taken by Nikon Coolpix 
5000 


DISCUSSION 


We have hypothesized that the hematopoietic stem 
cell-based countermeasures, hematopoietic stem cell 
therapy (HSCT), might be effective in maintaining 
health condition of astronauts during long-duration 
space missions, such as Mars exploration. WTiile 
there are several known symptoms which astronauts 
experience in 0/p G, we are focusing three areas at 
this time, namely hematological disorders, 
immunodeficiency and muscle loss. To formulate the 
relevant techniques and protocols, two animal models 
are being used in the ground-based experiments: p- 
thalassemic mouse and mouse hidlimb suspension 
system. The goal is to countermeasure/cure 
hematological abnormalities of p-thalassemic mouse 
as well as muscle loss and immunodeficiency of the 
unloaded mouse. In this paper, some of the success 
of correcting p-thalassemic mouse as studied by the 
hemoglobin change is presented (Fig. 5B). 
Successful cure of P-thalassemia by HSCT may 
normalize various hematological parameters. These 
would include white blood cell counts, lymphocyte 
counts, hematocrit, reticulocytes counts, RBC 
volume (MCV), and hemoglobin content (MCHC) 
(38). Therefore, these parameters are being measured 
in the marrow transplanted p-thalassemic mice in 
comparison to mock treated mice. This 
transplantation system has been quite useful in this 
laboratory to establish transplantation procedures as 
well as to evaluate transplantability of HSCs. 
Therefore, it is in our plan to test the quality of HSCs 
grown in the NASA Rotating Wall Vessel (RWV) 
culture by the P-thal transplantation system. Thus, 
the HSCT protocols derived from this animal model 
would be highly relevant to the HSCT for space- 
caused hematological abnormalities. 

With regard to the study on efficacy of HSCT for 
muscle loss, the current goal is to delineate 
participation of HSCs in repair/prevention of muscle 
and bone losses in the hindlimb suspended mouse. 
The reporter gene marked HSCs are useful to trace 
transdifferentiation in the transplant recipient. We 
have successfully marked the HSCs with p- 
galactosidase expression by two methods, 
transfection and transgenic mouse, which are 
presented in Fig. 6A,B. The transfection method will 
be useful for marking human HSCs in the future 
clinical trials. Further physicochemical analyses for 
the actual countermeasure will be performed. These 
will include: I) Measurement of muscle weight; 2) 
Study of prevention of MHC transition by HSCT; 3) 
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Measurement of muscle strength; 4) Other 
biochemical marker studies (19). Insulin-like growth 
factor (IGF)-l treatment of HSCs is being considered 
to stimulate the muscle growth (19,26). In addition, 
using the hindlimb suspension model, effect of 
exercise on the HSCT for muscle loss can be 
investigated. Combined with proper exercise 
regimen, periodic HSC transplantation might prevent 
bone and muscle losses. These studies are under way 
in this laboratory. 

Thus far, our preliminary results have successfully 
indicated that not only do hindlimb suspended mice 
suffer immunodeficiency, but also that the HSCT has 
the capability of mitigating these symptoms. Our 
current goals are now to quantify the degree of 
immunodeficiency exhibited in the hindlimb 
suspended mouse and then to possibly establish the 
process of HSCT for immunodeficiency. Since 
astronauts suffer a decreased immunity similar to that 
of hindlimb suspended mice, the HSCT protocols 
derived from this animal model would be highly 
relevant to the HSCT for immunodeficiency in 
astronauts. 

FUTURE PLANS 

One major spin-off of the HSCT could be an 
opportunity to develop stem cell-mediated ex vivo 
gene therapy in the future (6,7). As our expertise lies 
on adeno-associated virus (AAV)-mediated gene 
therapy, the vector containing IGF-1 could be 
constructed and used for muscle gene therapy in 
space. The adeno-associated virus, serotype 2 (AAV- 
2), is a human parvovirus, which contains a linear 
single-stranded DNA of 4,675 nucleotides (nt), 
having broad host-range and tissue-specificity 
(39,40). Because the virus is a non-pathogen, the 
virus promises to be a safer vector for gene therapy 
than other pathogenic viruses, such as, adenovirus, 
retrovirus and herpes virus. This non-pathogenicity 
of AAV, compared with other vectors, is particularly 
important for the space program, because of the 
enclosed environment in a spaceship. Exploiting 
these advantages of AAV-2, starting in 1985, we 
have constructed recombinant A A Vs (rAAVs) that 
harbor human globin genes as well as an anti-HIV- 1 
gag ribozyme (anti-gag Rz) for eventual use in gene 
therapies of the hemoglobin disorders, the P- 
thalassemia and sickle cell disease, and AIDS, 
respectively (3 1 ,35,4 1 ,42). Putting all the techniques 
together, we are currently trying to cure mouse model 
of human p-thalassemia (35). Once these mice are 


cured by gene therapy, we will then move to possible 
clinical trials for human patients. Many laboratories 
worldwide are now using the rAAV system for 
various gene therapy projects with promissing results 
(43 t 45). With regard to the space program, this 
system promises to be a good model system for 
developing space-based gene therapy, and our long- 
term plan is to conduct the model experiment on 
International Space Station. 
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1. Abstract 

As technology and computing power increases at 
extraordinary rates, our ability to effectively explore 
our solar system increases to new levels. The 
immediate future will see the continual development 
of robotic exploration as our primary means of 
exploring other planets. Once the time does arise for 
mankind to again push his frontiers to new limits, our 
definition of space exploration will be completely 
redefined. However, human exploration of our solar 
system cannot happen without the assistance of our 
robotic counterparts which helped blaze the trail into 
space. This transition to human exploration will see 
astronauts beyond the immediate communication 
reaches of Earth being forced to work with 
equipment that was at one time controlled by large 
teams of scientists and engineers with immediate 
access to significant computing resources. 

In order to deal with these problems, the Penn 
State Mars Society is developing a new method of 
robotic control that allows an astronaut in the field on 
the surface of Mars to be able to directly control any 
robotic equipment that he could potentially be 
working with. By integrating virtual reality (VR) 
gloves into an astronaut's space suit gloves, his hands 
now become an accurately measurable and rather 
versatile input device. Gloves of this nature are 
rather small and unobtrusive, and as such, can very 
easily be incorporated into the gloves that an 
astronaut would be wearing. The gloves as an input 
system will remain passive until activated by a 
command from the user. At this point, they begin to 
actively monitor the hand’s motion. They would 
relay this information to a computer on-board the 
rover, which would in turn convert this complex hand 
model into a command to execute. When the user is 
ready to free himself from the input state, another 
unique gesture can be used to deactivate the control 
system. 

This method of interfacing with a computer will 
require refinement and testing, and for that purpose a 
rover is being built. As well as providing a test 
subject for the control system, the rover highlights 
another unique feature of our project. One issue that 
mission planners will surely face with a manned 
mission (as well as they do for all missions, human or 
robotic) is the trade-off of reducing overall cost and 
weight, while still sending ample equipment. Most 
rovers and other robotic equipment sent will be 
optimized for one specific portion of the mission, and 
will consequently lay idle for lengthy periods of time. 
To solve this issue, we are designing a modular 
research rover, which will maximize the versatility of 
the available equipment. The idea behind this rover 
is a standard rover base which will provide all of the 


major systems, including power, computing, 
locomotion, navigation, and communications. 
Separate modules will be able to be attached both 
mechanically and electrically to the base, allowing 
vast expansion of the base rover. The base will 
accept a few modules at a time; however these units 
will be able to be interchanged with great ease 
throughout the course of the mission. Since 
individual modules will be significantly smaller and 
cheaper than entire rovers, they will clearly be a 
better option from a mission logistics standpoint. 

2. Introduction 

When the first manned missions are sent to 
Mars, the teams will require an extremely high level 
of self sufficiency. With communication delays to 
Earth as long as forty minutes, they will be virtually 
isolated. Despite their circumstances, they will still 
be expected to perform as though in an ideal setting. 
In order for these explorers to be able to maximize 
their time, and produce large quantities of data, new 
methods for planetary exploration must be developed. 

One scenario that needs improvement is a small 
team of astronauts (or possibly even a single 
astronaut) conducting field work far away from their 
base. This seemingly commonplace scenario will 
find team members out facing the elements and 
conducting research. It seems only natural for 
research rovers to accompany the team into the field. 
However, having to deal with robotic equipment 
while in a pressure suit presents several issues, the 
main one being control. By incorporating virtual 
reality glove technology into the astronaut's gloves, 
his hands become a quick, easy and effective input 
device. A simple hand command can activate the 
gloves, and the rover begins to respond to hand 
gestures, which are interpreted as commands. Our 
stranded astronaut now has complete flexibility in the 
control over all of the different robotic equipment 
and machines that will be in the field with him. 

All plausible mission outlines for the first 
manned missions to Mars entail the crew collecting 
extraordinary amounts of data in many different 
areas. Most of the field work would be conducted 
with research rovers such as those described above, 
each specializing in a different task. The amount of 
rovers to be sent will quickly add up. A much 
smaller fleet of modular rovers allows for mission 
flexibility while significantly cutting back on overall 
mission cost and weight. These modular rover bases, 
which will accept a wide variety of scientific units, 
will operate on a very standard platform. Because all 
of the equipment will have interchangeable 
components, the astronauts will be able to effectively 
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handle most basic problems that could arise in the 
field. This modularity, coupled with the simplicity of 
the glove input, tackles many of the difficulties that 
an astronaut would face in the field that would 
otherwise severely restrict his productivity. 

3. Approach 

Members of the Penn State Mars Society 
participated in the two previous HEDS-UP 
competitions sponsored by LP! (Lunar and Planetary 
Institute) and NASA. From the experience that we 
were able to gain during those two years a plan for 
the future started to mature. The first goal was to 
work on a project that was more than a paper 
concept; it had to be something that could be 
developed, built and tested. By keeping a design 
simply on paper, there is no room for refinement, nor 
any validation of the design. There was much more 
to be learned by taking a design past the concept 
phase to a final product. 

A second objective was to steer away from the 
one year projects of the past. One of the inherent 
difficulties that was faced each year was sitting down 
and finding a new problem to solve. Furthermore, 
this narrow time frame never allowed us to do more 
than an initial investigation into a solution, much less 
work on an actual product. This also will give 
incentive for people to stay in the project for multiple 
years, because there has been a very high turnover 
rate each year for the three years since this group was 
formed. 

Another aim was to work on something unique; 
yet be within the scope on an undergraduate student 
group. Selecting such a topic was difficult because 
NASA and the space industry has been around for a 
rather long time, and most interesting projects that 
are not extremely advanced have been thoroughly 
studied. 

With those as the motivating factors behind the 
search for a project, options were discussed. The 
reason the astronaut/computer interface was chosen 
was because it was an area that appeared to be totally 
unexplored. The reason it has been unexamined so 
far is that as long as real-time communication with 
Earth is possible, it is not necessary. Mission control 
can assist an astronaut through every step of every 
mission. Once humans venture out of the Earth- 
Moon system and communication delays emerge due 
to the extremely long distances traveled, a computer 
interface for astronauts will become necessary. 

The decision to pick gesture recognition as the 
method of control to be tested was made after many 
other options were considered. No other option 
provided the same flexibility and seamless 
integration that VR gloves did. Once this decision 


was made, it became clear that the project would fit 
the other two objectives. The gesture control system 
needed a test subject, leading to the second part of 
this project. A rover fit that requirement perfectly as 
it was something that could be expected to be 
controlled by an astronaut in a space suit on Mars. It 
also provided a great opportunity learn about design 
and construction of a sophisticated combination of 
machinery and electronics. This forced the project to 
be multidisciplinary, and has lead to the formation of 
a balanced team consisting of aerospace, mechanical, 
electrical and computer engineers. 

The large scope of the project, building a rover 
and defining and implementing a gesture recognition 
and control system, lends itself to drawing out the 
project over multiple years. Both parts can be greatly 
improved even once they are fully functional. 
Because the rover is being designed with modularity 
in mind, much work can be devoted to adding 
capability and features to the rover after the chassis is 
completed. Additionally, the gloves can be improved 
by modifying them to add more degrees of freedom 
and possibly implementing some sort of force 
feedback. This project has excellent possibilities for 
future work, and the future course will be determined 
by evaluating the past progress to address 
shortcomings and improve on strengths, 

4. Results 

4,1 Prototype 

Initial investigations into the different systems of 
our design showed that our team would be best 
served by beginning work on a scaled down 
prototype. In our case scaled down refers not to the 
size of our prototype, rather its complexity. Our 
work was divided up into two separate areas: the 
glove and gesture recognition software, and the rover. 

Glove and Gesture Recognition Software 

Fundamentally, the system developed to 
interpret gestures has three major components: input 
filtering, gesture recognition, and device-specific 
output. Each of these components runs in a separate 
thread of execution, exchanging data through bufTer 
queues. By multithreading the processing jobs, the 
overall program can process data without depending 
on the complexity of individual components. 

Compared to other commercially available input 
devices, we feel that a virtual reality glove is the best 
candidate to be adapted to use while wearing a 
pressure suit. In order to use a keyboard, the 
individual keys would need to be large enough to be 
reached without trouble from bulky gloves. If the key 
size were to be scaled appropriately, the overall size 
of the keyboard would be ungainly. A traditional 
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joystick is limited by the number of input 
dimensions; generally, only two degrees of freedom 
are present through the manipulation of the stalk, 
with additional degrees provided by trigger buttons or 
other small actuators. Even if the additional buttons 
were to be scaled to be usable from a pressure glove, 
there simply are insufficient degrees of freedom 
available for general-purpose tasks. Although we do 
not describe alternative input devices, designed for 
the impaired or for fully immersive environments, we 
are looking at novel user interfaces that might be 
adaptable to an outer space or planetary environment. 

We begin with a description of the input devices 
available for our use. For this project, we have 
obtained two 5DT Technologies, Inc. virtual reality 
gloves, each with a serial interface to the host 
machine. These gloves have five finger sensors, and 
then an auxiliary roll and pitch sensor. Each finger 
sensor consists of an optical fiber that wraps around 
the length of the digit, such that the flexion of a 
finger bends the fiber. In an electronics package 
attached to the body of the glove, a light source emits 
light, and photosensors observe the transmission 
through the fiber. The glove is calibrated based on 
the principle that as an optical fiber flexes, the 
intensity of a transmitted light will vary as a linear 
function of the flexion. This flexion is represented as 
a single 8-bit byte value to the host. The roll and 
pitch sensors also produce 8-bit accurate results. 
After opening each device, we are ready to sample 
data. 

In order to submit a sample to the processing 
pipeline, we must first read the data stream coming 
from the glove(s), and then assign the sample to the 
processing pipeline. To interpret the raw^ glove data, 
we utilize a vendor-supplied library function that 
returns the actual value measured by the glove 
hardware. Since our project was designed to have the 
option of using multiple gloves, we keep track of the 
mapping between samples and gloves. From the input 
module’s point of view, there is no more work to be 
done, and so the next sample is obtained. 

Once a sample has been provided to the 
processing pipeline, the next stage is a simple 
exponential filter that serves to regulate noisy input 
data from the gloves. This stage was added after 
initial testing indicated that users have slightly shaky 
hands; after filtering, the data is much smoother and 
appropriate to use in a decision process. 

After data filtering, logical gestures may be 
interpreted out of the physical data. We define a 
gesture to be a region of flexion for each digit. In 
practice, we have found that the output of the gloves 
can be divided into only three or four “zones”, due to 
the fact that a human cannot repeat gestures with 
exact precision. Assuming that each finger was 


capable of producing each position independently, 
there are a maximum of 1 024 gestures; this number is 
entirely loo optimistic. For example, as a limitation 
of the design of the individual gloves that we are 
using, the thumb measurement only has two zones; 
we have also found that users are not as comfortable 
with intermediate positions of the thumb as with 
positions of the fingers. Secondly, most people 
cannot move their pinky finger without incurring 
some movement in the ring finger; in the same vein, 
the ring finger generally implies a movement in the 
middle finger. Truly independent movement is only 
possible for the index and middle fingers. We divide 
the limitations into two categories: extrinsic for those 
limitations such as the thumb movement that are a 
result of the manufacture of the glove, and intrinsic 
for those limitations such as the non-independent 
movement of the pinky finger. Extrinsic constraints 
may be mitigated by investing in higher-quality gear; 
for our purposes, however, the performance of our 
gloves is adequate. 

Since the virtual reality gloves are measuring 
one of the user’s primary world interaction 
mechanisms, there may be situations where a user 
does not want his gestures to be interpreted. 
Similarly, a user may direct his gestures toward 
different targets. To accommodate these 
requirements, we represent the gesture recognition 
engine as a Mealy finite state machine, with glove 
data driving both transitions and outputs. Glove data 
is monitored for transition events, and then 
transformed into an output value appropriate for the 
device. We envision a future system in which there 
exists a hierarchy of states such that an initial gesture 
selects a device to control, and then subsequent 
gestures navigate the state space for a given device. 
In our testbed, we have only one controllable device 
with one interpretation of glove data; thus, we have 
the two states illustrated in Figure I. This single 
interpretation is a “direct-drive” state; the user’s hand 
movements are directly interpreted into motion of the 
target. In more advanced control layouts, this direct 
drive state would be a child state of a general device 
selection stale. For our purposes, this representation 
is appropriate for our prototype. 



Figure 1: Gesture State Diagram 
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If any device output is necessary, the gesture 
engine passes a request off to an appropriate output 
processing thread for the device at hand. Since both 
of our devices are locomotion devices, we have only 
one output thread. Depending on the capabilities of 
the controlled devices, different formats are 
supported. For our prototype device, we chose a basic 
serial format that can accommodate translational and 
rotational movement commands. 

To facilitate the independent development of 
software from the underlying hardware, we opted to 
use a network robot hardware simulator. Called 
“Player/Stage”, this simulator is designed to allow a 
controller to be developed under simulation, and then 
use the same binary code on the real hardware. One 
of our group members is employed at a mobile 
robotics laboratory on campus, and his managers 
have graciously allowed us to test the gesture control 
system on real robots. These robots are Activ Media 
Pioneer 2-AT class devices; one under glove control 
is pictured in Figure 2. This image is a clip from a 
movie that shows the range of motion of the glove 
control system; the rover is put through a series of 
maneuvers combining forward and reverse rotational 
and translational movement. 



Figure 2: Pioneer Robot and Glove 

For obvious reasons it is desirable to have a 
functional platform on which to display the glove 
input technology, especially one small and portable. 
With this desire in mind, we have interfaced the 
glove control with a standard re car. These simple 
toys are not only effective visual tools, but at the 
same time are very easy to interface with. For 
simplicity we connected a microcontroller directly to 
the remote unit, allowing us to use the already 
existing wireless components. The four output pins 
used by the microcontroller arc connected to the four 
different contacts in the remote; forward, reverse, left 
and right. In addition to providing us with a valuable 
demonstration tool, it also served as a solid 
instruction tool for newer members in dealing with 


microcontrollers and interfacing with different inputs 
and outputs. 

Rover Prototype 

During the spring of 2002, the Penn Slate Mars 
Society built a rover prototype in order to become 
familiar w ith basic construction techniques and learn 
likely issues that would be encountered when 
building the actual rover. The other benefit from the 
prototype construction was to gain experience in 
group design work and also learn what parts were 
available for purchase, which turned out to be a 
substantial limiting factor on the design. Many 
problems arose during the prototype construction that 
were not anticipated in the design stages; thus 
construction of a prototype proved valuable in 
bringing these problems to the forefront and allowed 
for design modifications to the next rover in order to 
eliminate these problems, which are outlined in Table 
1 . 


Problem 

Action 

Bolted construction - 
joints of very poor 
quality, rover lacked 
sufficient stiffness, joints 
were not square, and poor 
craftsmanship 

Welded construction 
will be used on future 
designs 

Wheel struts were 
extremely weak 

Stmts will be 
eliminated, dramatically 
increasing strength 

Wheels did not allow for 
traversing major 
obstacles 

Treads will be used on 
future designs 

Round axles were 
difficult to epoxy to 
wheels 

Axles will be welded to 
wheels 


Table 1, Lessons Learned 


The basic design of the rover was chosen to 
meet short time deadlines and to be cost effective. 

The design consisted of a box constructed out of 
aluminum square stock. Because no member of the 
team was proficient in welding at that time, the box 
had to be bolted together using aluminum angles to 
fasten each comer. Aluminum struts were bent into 
an upside-down U shape then bolted on the base of 
the rover to serve as the holders for the wheels and 
motors. Wheels were used because they are cheap 
and simple to attach, as opposed to treads which the 
next design will eventually employ. A box style 
frame was chosen because of the ease of construction 
and to mimic the storage capacity of the future rover. 
Constructing the rover prototype proved to be a very 
valuable experience and will allow future rovers to be 
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better designed as well as significantly easier to 
build. 


4.2 Product Design for Future Work 
Gloves and Gesture Control System 
Gloves Overview 

As described above, we are currently using five 
sensor Data Gloves developed by 5DT (Fifth 
Dimension Technologies), on loan from the 
Computer Science and Engineering Department at 
Pennsylvania State University which measures finger 
flexure (one sensor per finger) and the orientation 
(pilch and roll) of the user’s hand. However, gloves 
that contain additional sensors can allow for greater 
customization in regard to commands that may be 
created for instructing the rover. 5DT’s fourteen 
sensor gloves not only measure finger flexure with 
two sensors per finger, and hand orientation; they can 
also measure the degree of abduction between the 
fingers, allowing for even greater expandability of 
the command processes, accounting for an analysis of 
finger-finger interactions. Furthermore, the gloves 
that 5DT develops are also offered in wireless 
models. This becomes very convenient for the 
astronaut. For example, it would decrease the need to 
lug a laptop on his/her back. The commands can be 
sent directly to the rover, from the gloves, where all 
the processing of those commands can be performed 
on the rover’s onboard computer. 

Immersion, another major producer, offers a 
very impressive line of gloves. Branded 
“CyberGlove,” they are offered in eighteen and 
twenty-two sensor models, and they can perform 
every function that SDT’s Data Gloves can, and can 
measure additional movements, such as thumb 
crossover, palm arch, wrist flexion, and wrist 
abduction. The only difference between the eighteen 
and twenty-two sensor gloves is that the twenty-two 
sensor gloves contain three sensors to measure finger 
flexion instead of two, one sensor per each joint on 
the finger. Unfortunately, they do not offer wireless 
transmission of the commands. This leaves virtually 
no possibility of free movement without an 
accompanying backpack computer. All data transfer 
is done through a single cable that can be bought in 
ten foot or twenty-five foot lengths. However, to the 
degree that these gloves can measure hand 
movement, the number of commands that can be 
programmed is virtually limitless, thus offering 
optimal convenience in that regard. 

With all of the impressive gloves on the market, 
there become natural trade-offs with the level of 
accuracy in modeling desires versus cost. As alluded 
to previously, there is a natural point at which 


accuracy in hand modeling becomes irrelevant as it 
surpasses the ability of a human to control his own 
hand. The gloves above which measure different 
types of hand movements, as opposed to adding 
accuracy, are probably the most desirable. 

At this point it would seem prudent to discuss 
the field practicality of our glove control system. As 
noted previously, the gloves are hard wired to the 
serial input on a computer. This limitation is one that 
we are facing due to the model of gloves that we have 
been provided. Although wireless gloves are 
commercially available; they are naturally more 
expensive. Despite the need for the gloves to be 
physically connected to a computer, this does not 
limit their application to a laboratory setting. Our 
implementation of this control system will eventually 
entail a small, lightweight laptop that can be worn in 
a backpack. The glove-end laptop will communicate 
to the rover via wireless Ethernet. By connecting 
through the laptop, the range of the gloves would be 
drastically improved, due to the nature of the two 
different styles of communications systems. This 
modification will allow us to effectively simulate a 
wireless glove control system. 

Gesture Recognition Control Expansion 

In our current prototype, there are many more 
degrees of freedom in the controller than the device. 
Since one of the future goals of the project is to have 
glove control over several devices, we expect to take 
advantage of the excess freedom. However, a 
complicated control system will lead to human 
confusion and error. To make the gesture language 
easier to learn and apply, we will be adding a second 
glove to the system. In this extension, a gesture state 
transition can use one or both gloves for data input. 

The use of two hands will make a system easier 
to interact with, but also raises the concern that a user 
will not be able to carry or hold anything while 
performing a two-handed gesture. In response to this 
issue, a complete backup gesture system could be 
implemented such that no command is impossible to 
perform without two fully functional gloves. The 
two-handed state transition could serve merely as a 
convenient shortcut to the same destination state as a 
series of single-handed transitions. 

To experiment with two-handed control, a 
rudimentary case in which the second glove controls 
an independent device has been implemented. This 
independent device is the gripper/lifl combination on 
the front of the Pioneer robots; this device is only 
used to test out the capabilities of the gesture 
recognition system while our final project is under 
construction. 

In the discussion regarding the hardware system 
of the virtual reality glove hardware, it was noted that 


I 
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each glove requires a serial port for communications. 
With our available computer resources, we were 
unable to run both gloves using the same host; the 
solution to this problem came through the previously 
mentioned Player robot server. Since both glove-host 
machines were on the same network as the robot, 
each could control its device independently. The 
point of this extension was to show that the same 
binary code could interpret gestures independently, as 
opposed to having a left-hand controller and a right- 
hand controller. 

Although this scheme works as a proof of 
concept, we expect to use a host that is capable of 
driving both gloves simultaneously. The use of a 
robot server does point out a possible source of 
redundancy; if the gesture-based primary control 
system were to fail in the field, less efficient but 
ftmctional alternatives could be engaged to complete 
the mission. 

Our approach is extensible in terms of the 
gesture control hierarchy; one need only define an 
entrance transition, an optional output as a function 
of the current state and current inputs, and an 
optional exit transition. We have chosen a simple 
initial model to serve as a proof of concept for a more 
complex control system; since the device to be 
controlled is a simple model, a simple controller will 
suffice. As we expand the function of our rover 
device, states may be added to the controller to 
control these additional hardware capabilities. 

We expect that new devices to be added will 
conform to one of a few standard controllable classes 
of devices. Dividing the devices into such categories 
as actuators, locomotion, or sensors will allow a 
generic implementation of both computer code and 
gesture language. The upshot is that any locomotor 
base can be controlled by the same gestures, 
assuming that an appropriate hardware interface has 
been developed to the standard specifications. In this 
fashion, a gesture control system is not limited to a 
single robotic platform; such a limitation would be 
very inconvenient from a user’s perspective in terms 
of training, storage and maintenance. By abstracting 
out device specifics, we can integrate a wide variety 
of peripheral devices without having to change the 
standard gesture engine. We refer to this prospect as 
a “universal language”, since the user need not be 
concerned with the physical characteristics of the 
device. 

Every device that is to be controlled by the 
gesture recognition system may have one or more 
operating modes. For example, a sensor will have 
two modes: data output and configuration input. To 
accommodate these different operations, one can 
simply add states into the device hierarchy for each 
possible mode of operation, defining the same three 


characteristics: entrance transition, output, and exit 
transition. This construction is evident in our very 
simple state diagram referred to earlier in the paper; 
there are two operating points for the rover: direct 
control and off. We envision a third point: 
autonomous operations. 

To add an autonomous controller to the gesture 
engine, we must augment the state hierarchy. First, 
we must add a state where the position device is 
selected, but no outputs are modified. The purpose of 
this state is to allow a user to choose a device with 
which to interact. The second additional stale is a 
configuration state that permits a user to select an 
autonomous action, to be activated on exit. In setting 
up the transitions, we note that a direct control state 
should override the autonomous action; this 
contention should be addressed in the output routines. 
The fundamental idea is that the gesture engine could 
allow a manual intervention, resuming autonomy 
when the user has moved on to another task. This 
addition is straightforward when considered in the 
context of our described framework. 

Previously, it was mentioned that a group 
member works at a mobile robotics laboratory. This 
laboratory is the Applied Research Laboratory at 
Penn State; the laboratory performs contract research 
within the areas of interest of its research fellows. In 
the process of developing the gesture control system, 
our member’s manager has taken an interest in 
further developing some of the control strategies 
described within as applicable to Discrete Event 
Control systems and robotic autonomy. In addition to 
rover robots, there is shared interest in six degree of 
freedom controllers for robotic vehicles such as 
submarines and dirigibles. We look forward to 
developing our system in conjunction with the 
Applied Research Lab’s support. 

Rover Design 
Size 

The first design decision that had to be made 
once the purpose of the rover was defined was its 
size. The key considerations were payload size, 
usefulness in the field, cost, and ease of construction. 
Some of these considerations pointed to different 
sizes, so compromise was necessary. A small rover 
is most useful when accompanying a person because 
it can navigate small crevasse and caves which would 
not permit human investigation. If the rover is 
operating away from humans, a large size would be 
more useful because that would allow it to collect 
more samples and travel faster and farther. Obstacles 
would also prove less difficult to avoid with a larger 
rover. 

The largest factor in determining the size of the 
rover being constructed is the payload it is going to 
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carry. In order to have reasonable usefulness, it must 
carry an on-board computer. This became the largest 
size constraint because a laptop was chosen based on 
low cost and easy availability. The rover also had to 
carry motors and a battery, which occupy a large 
portion of the volume of the vehicle. There are many 
additional components which take up a small amount 
of space, but did not dictate the design of the rover. 
In order to accommodate a laptop and have 
sufficiently powerful motors to travel at a desired 
speed, a minimum size became apparent. 

The rover under construction is 24” long, 16” 
wide and the main compartment is 10” high. This 
compartment will sit about 8” off the ground 
suspended by shock absorbers on a bottom plate 
containing the motors and axles. The wheels chosen 
will be 10” in diameter. See figure 3 for an overview 
of the rover design. 



Figure 3: Rover Overview Sketches 

While choosing a laptop as the computing 
payload determined the size, there were several other 
reasons this size was the best choice. Constructing a 
much smaller rover would have been very difficult 
because parts would have to be machined to more 
stringent tolerances and assembly would have 
required more precision. In addition, the electronic 
components small enough to fit on a smaller rover are 
very expensive. If the rover was much larger, 
components such as the frame, battery and motors 
would become very expensive as the design 
approached the size of an ATV. 

Locomotion 

Perhaps one of the most crucial aspects of the 
rover, selection of motors and design of the drive 
system has proven to be a challenge. Design 
problems in these areas include matching motor 
power consumption ratings with available batteries, 
selecting motors with enough torque and appropriate 
revolution rates, and weighing the respective merits 
of treads versus wheels. 


For the rover under construction, the electric 
motor must have sufficient power to propel an 80 lb 
(with g=32.2fVs^) rover, which is the proposed 
weight. We have preliminarily estimated the 
necessity of a 1/8 horsepower minimum output to 
obtain the speed desired. Additionally, the need for a 
gearbox to reduce the shaft revolutions and boost 
torque is obvious. Given the time and resource 
constraints of our project, a motor with a combined, 
pre-built gearbox would be highly desirable. 
However, most 1/8 horsepower motors with attached 
gearboxes operate on 90V, in contrast to our desired 
12V based on typical battery output. 

The question of wheels versus treads has been 
quite difficult to solve. The advantage to treads is 
improved operation on rugged terrain, but it comes at 
a cost of reduced motor efficiency and greater 
difficult in construction. Because tracks would be 
more useful in the field, the decision was made to 
include tracks in the final design. However, 
anticipated difficulties in construction have led us to 
decide to build the rover which wheels which could 
be converted to tracks at a future time. This will 
keep the track option available while allowing the 
rover to be constructed to a working state more 
quickly. 

Suspension 

Suspension is an important aspect of any 
mechanical vehicle or rover because of vibrations and 
obstacles that will be encountered. The amount of 
external interference depends a great deal on the type 
of terrain the rover is designed to scale. Obstacles 
must be anticipated for the rover, along with normal 
vibrations from small irregularities in the ground. 
The suspension on the rover is also necessary 
because of internal vibrations from the motor. These 
vibrations and other obstacles make suspension 
necessary because of their effect on the solid 
structure of the rover as well as the equipment on it. 
Vibrations affect the structure of the rover because 
they can loosen bolts and other connections. The 
primary concern is weakening of welded joints, 
although this is less of a concern that the loosening of 
bolts as occurred in the prototype. Vibrations have a 
negative affect on the equipment on board, such as 
computers, modules, and electrical wiring, as well. 
Any wiring has a chance of coming lose while 
undergoing vibrations and electronics can be 
damaged if shaken too hard. 

For these reasons the decision was made to 
develop a suspensions system for our rover. The 
motors and wheels will be mounted to a separate base 
level, which will be attached to the main frame of the 
rover by shock absorbers. This base level is the only 
part of the rover directly exposed to the main causes 
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of vibration: that caused by the ground upon the 
wheels and that caused by the motors. By this 
design, the vibration will not directly affect the rest 
of the rover. Two shock absorbers, each measuring 
approximately four inches long, will connect each 
comer of the base level to the equipment bay. The 
pin joints attaching them to the frame will be offset 
so that the each one of a comer pair will allow for 
small movement in the direction perpendicular to the 
other, as shown in figure 4. This will account for 
motion other than that which is directed up and 
down. To provide additional stiffness in the 
forward/backward, left/right directions, tubes will be 
attached to the base level that fit into holes drilled in 
the equipment bay, allowing for unrestrained 
up/down motion, but restrict motion in the other four 
directions. 



On Board Computing/Electronics 

When looking into the on board computing 
requirements, there are two main directions to take. 
The first follows along with most commercial rovers, 
and involves single board computers, also referred to 
as PC 104. PC 104 is highly powerful, versatile and 
expandable, which is why it is preferred in most 
applications of this nature. However, all of its 
benefits result in it having a very large prices tag. 
For that reason, we have elected to utilize our second 
option, a laptop computer. Despite being bulky in 
comparison to PC 1 04 they are much more readily 
attainable, and consequently much more cost 
effective. Having an on board laptop provides the 
rover with an extreme amount of flexibility, not only 
due to the computing power, but because of the 
peripheral support as well. 

When considering the rover as a fully functional 
mobile laboratory for an astronaut working in the 
field, the laptop’s display will also be a valuable tool. 
While the primary operation of the rover will not 
necessitate an interactive display, more advanced 
options will. For example, any data analysis, or 
complex operation of the rover will be able to be 
controlled through menus and other similar visual 
working environments. 


Microcontrollers will need to be used to 
interface the laptop to a large majority of the on 
board hardware, including motors and sensors. 
During initial construction stages we will be using 
the Parallax Basic Stamp 2. This microcontroller is 
very simple compared to most devices of its kind. 
The Stamp 2 itself has 1 6 I/O pins plus 2 additional 
serial pins with which to communicate to the main 
rover processor. The stamp can store approximately 
500-600 instructions within its on chip EEPROM, 
and can process these instructions at about 4,000 
instructions per second. The stamp is programmed in 
PBasic, which is a slight variation of Basic 
programming language. This will be used in the 
prototype because of its simplicity. It is capable of 
handling all of the processes which will be used on 
the prototype and debugging any errors will be much 
easier to do. For the final design, the Stamp 2 will be 
replaced with a Motorola HC7 1 1 E9 microcontroller, 
henceforth referred to as the HC 1 1 . This device is a 
much more robust controller than the Stamp 2. It is 
programmed in assembly language, allowing for 
much more user defined programming. The chip has 
512 bytes of on-chip ram and EEPROM, as well as 
12Kbytes of EPROM. It is also capable of running at 
higher speeds, which can be set by the user, than the 
Stamp 2, and has more than twice the I/O pin count 
due to having several ports. An additional 
component included is an 8-bit A/D converter. This 
microcontroller will be used on the final design 
because of its robustness and superiority to the Basic 
Stamp 2. 

The on board computing resources will also 
allow us to do work with stereo vision. Two firewire 
cameras will be connected to the laptop, and can be 
used for a variety of autonomous navigation tasks. 
More basic tasks will allow the rover to keep track of 
where its operator is in the immediate region. 
Further work with this area can also be used for 
hazard detection and avoidance. This will be used 
directly in fiilly autonomous operation, as well as in 
direct drive state. The rover will have the ability to 
override a user’s input if the operation (i.e. drive off 
of a cliff that the user cannot see) is deemed 
unadvisable. 

Modularity 

An issue being addressed in this rover design is 
long term usefulness and flexibility. Extremely 
specialized rovers are the most logical solution when 
sending single unmanned missions that will only last 
a period of weeks or months. When humans travel to 
Mars, they will most likely take numerous rovers 
with them, as well as spare parts to keep them 
running for a long time. With this being the case, it 
makes sense to get as much usefulness out of each 
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rover as possible. The balance between 
specialization for a specific goal and long term 
usefulness leads to one conclusion. 

Rovers that are sent to Mars on a human 
expedition will almost certainly be modular. This 
will allow the rovers to serve several purposes 
through the duration of the mission. The idea is that 
a rover chassis can be built to accept payloads with 
standardized connectors and control implementations, 
as shown in figure 5. The modular system will 
consist of a bay in the top of the rover into which 
scientific instruments will dock. There will be a 
connection for power, data transfer to the rover 
computer, and mechanical connections to latch it in 
place. Simply by plugging in the module and 
connecting the latches, the new module will be ready 
to use. The rover chassis will provide every module 
with locomotion, communication back to the 
astronaut and habitat, and a computer to process the 
data collected by the module. 



This modularity allows for more types of science 
packages than there are rovers, increasing the mission 
capability at a lower cost than specialized rovers. 
Redundancy is also increased, because a failure will 
most likely take place on the rover chassis and not 
the module, due to the complexity of the drive system 
and the harsh Martian environment. If the chassis 
fails, the module can be placed in another rover with 
no loss of functionality. 

The key to modularity is a set of standards which 
all electronic equipment will operate on. While this 
is not a new idea, it has not been widely put into 
practice. The need to adopt a standard is clear 
considering the time required to rewrite drivers and 
software to transfer hardware from one rover to 
another. One member of the Penn State Mars Society 
experienced this hassle while working at NASA 
Ames when he saw many hours spent transferring a 
camera designed for one rover to another. While this 
leads to wasted time on Earth, astronauts will not 
necessarily have the luxury of time to reprogram 
equipment. This could lead to equipment lying 
dormant if there is a problem on the rover carrying it. 
When everything costs tens of thousands of dollars 
per pound to deliver it to the Martian surface, this 


will not be tolerable. The benefits will naturally 
carry over to Earth, reducing the time it takes to make 
hardware for one rover work with another. 

Implementing modularity first requires a rover, 
so construction of modules is on hold until the rover 
is at a sufficient state of completion to allow for the 
use of modules. The eventual goal of this 
implementation of modularity is to demonstrate the 
simplicity of the changing modules with such a 
system as well as providing further features for the 
gesture recognition system control. The exact 
modules have not been decided on yet, but will likely 
include advanced video equipment and rangefinders. 
The actual modules used on Mars would naturally 
include packages used to study meteorological 
conditions, take samples of soil and rocks, and 
perform basic field analysis of them. Other 
possibilities include construction equipment such as a 
bulldozer blade or a crane. 

5. Future Studies & Testing 

Project Timeframe & Possible Extensions 

By the end of 2002 designs will be finalized for 
the rover base, as well as plans for extensions of the 
glove control system. Construction will begin early 
in 2003 and will focus primarily on the rover base. A 
fully functioning mobile base, complete with on- 
board computing systems will be running by May of 
that year. In addition, this stage will see basic stereo 
vision applications implemented. This includes 
simple tasks such as locating, and driving to, an 
astronaut in the field. Glove control will also be 
expanded to a two-glove input system that will begin 
to allow us increased flexibility in the control of the 
rover. Over the course of the 2003-2004 academic 
year the rover base will be completely finalized and 
fine-tuned, and we will begin to develop different 
modules that can be used in field tests. 

Field Testing 

Once the mobile rover base has been completed, 
we will begin with very basic field tests. By 
analyzing its response to different situations and 
testing environments we may gain added insight that 
can be applied towards latter systems on the rover, 
including the individual modules. As we develop the 
rover and glove control system into a fully mature 
state field testing will obviously become a very 
logical step in this project. Because the focus of this 
project isn’t so much the actual technology as it is the 
implementation of that technology, most of the 
knowledge to be gained will come from these 
experiments. An ideal testing situation would be at 
The Mars Society’s Mars Desert Research Station 
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(MDRS) in southern Utah. At MDRS, Mars Society 
members conduct studies in manned Mars missions 
from an operations standpoint. More specifically, 
they look at many of the human factors of a manned 
Mars mission, including how work will be 
performed. The Mars Society has expressed a strong 
interest in local chapters testing their work at the 
station, and we feel that this would be an ideal 
situation and a beneficial partnership. 

6. Conclusion 

Because this project has been built with 
modularity in mind, there are inevitably countless 
extensions which could easily be explored and 
implemented. The stereo vision system can be 
expanded to perform more advanced autonomous 
navigation tasks. This includes hazard detection and 
obstacle avoidance, two very crucial abilities. 
Beyond even the rover we will have built, we can 
begin to explore team robotics to tackle even more 
varied situations. One such example would be a 
separate module which serves simply to deploy a 
microrover. Microrovers would be designed for the 
sole purpose of going where a larger rover simply 
cannot access. Since the glove control system is 
designed as a universal language, controlling an 
entire team of rovers would be a natural extension of 
the basic command language. While a plethora of 
possibilities exist, this outlines Just a few of the 
possible extensions for this project. 
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Abstract 

This paper is in response to a request for papers from the Lunar and Planetary Institute for the annual conference of 
its Revolutionary Aerospace Systems Concepts-Academic Linkage program. An integrated robotic team for the 
collection of subsurface Martian water ice was designed, based on the 2001 Mars Odyssey discovery of the 
signatures of a significant amount of water ice on Mars. Gamma-ray spectrometer readings indicate that in large 
regions near the Martian poles, the soil between 60 and 100 cm beneath the surface contains 40% to 73% water ice 
by volume. The extraction and transport of this water would enable human habitation and exploration on Mars 
because water can be consumed by humans and chemically transformed into hydrogen and oxygen fuel. This study 
adopted the philosophy that a team of small robots can perform this collection task more efficiently and more 
reliably than one large, multi-task robot. 

A concept was designed for a team of small autonomous robots that traverse the Martian soil to detect, extract, and 
transport ice to a central holding and processing location. The team consists of drilling rovers that penetrate the 
Martian surface, collect frozen water and soil, and deliver this ice/soil mixture to quicker, less massive transporting 
rovers. 

A top-level design of the entire robotic team was produced. For the drilling rover, initial specifications were 
determined for the structure, drive train, command and data handling, navigation, communication, and power 
subsystems. The water detection subsystem of the transporting rover was also given initial specifications. The 
robotic team’s water collection method was then designed in more detail. The system consists of a 10 cm auger 
followed by a 100 cm collecting tube that drills to a depth of 100 cm and to collect all of the encountered dry and 
ice-rich soil. The system then transfers only the ice-rich mixture to a transporting robot, which delivers it to the 
processing plant. Engineering drawings were created for this water collection design and for the design of the 
drilling rover. 

This preliminary design for Martian water collection calls for a team of 30 drilling robots and 10 transporting robots. 
The team has a total system mass of 700 kg and the capability of collecting 65000 kg of water in a 180-day water 
collection mission. 
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1. Introduction 

1.1 Mars Odyssey Finds Water 

Gamma-ray spectrometer readings from the 2001 Mars Odyssey spacecraft indicate that the top 1 meter of Martian 
soil is rich in hydrogen poleward of 60° south latitude and in areas poleward of 60° north latitude. This 
identification of hydrogen suggests the presence of large amounts of water ice in the top 1 meter of soil. The 
discovery that this hydrogen-rich layer corresponds to areas of predicted ice stability based on atmospheric and soil 
conditions strengthens the argument for the presence of ice. The ice is more highly concentrated in the lower 
portion of this top meter of soil, with a starting point that decreases in depth with increasing latitude, beginning at 
approximately 60 cm near 60° north and south latitudes. By weight, the ice constitutes 35 x 15% of the subsurface 
material, which corresponds to a range of 40 to 73% ice by volume'. 

1 .2 Implications of Water Discovery 

These findings have a direct impact upon the possibility of human exploration of Mars. In 1997, the Mars Reference 
Mission was created by NASA to lay out a preliminary plan for the first human missions to Mars, as well as to 
outline the necessary technologies that must be developed to carry out such missions. Two of the main objectives of 
the Mars Exploration Program are to conduct: (1) “Human missions to Mars and verify a way that people can 
ultimately inhabit Mars” and (2) “Applied science research to use Mars resources to augment life-sustaining 
systems,” also referred to as in situ resource utilization (ISRU), Additionally, there is a focus on relying on 
automation, especially with regards to ISRU systems, which must be operational even before humans leave Earth. 
NASA plans on using Mars’ in situ resources mainly to produce propellant, which will fuel the astronaut’s ascent 
vehicle used to return to orbit at the culmination of their mission. These resources will also be used to provide “fuel 
for surface transportation, reactants for fuel cells, and as backup caches of consumables for the life support 
systems.” As of 1997, the plan was to use the Martian atmosphere for the production of these necessary elements, 
and to import hydrogen from Earth. However, ’’should sources of indigenous and readily available water be found, 
this system could be simplified.” The presence of water ice is thus a significant discovery that will eliminate much 
of the need for transporting resources from Earth, thereby reducing launch mass and mission costs^. 

1 .3 Concept for Integrated Robotic Team for Collection of Water 

The Mars Reference Mission has also identified extraterrestrial mining techniques and resource extraction processes 
as two of the technology developments required to make human exploration feasible^. This paper will address these 
technology needs by designing a system that will detect, extract, and transport the subsurface ice to a central holding 
location where it can be processed to create propellant and compounds for crew life support. This system will 
consist of an autonomous team of small robots that will traverse the Martian soil, extracting, collecting, and 
transporting the ice. 

1 .4 System Strategy 

The unique aspects of this concept are its method for water collection and its focus on teamwork and distribution of 
tasks. A team of small robots is preferred to one large robot for several reasons. First, utilizing a team of small 
robots will enable mission costs to be reduced. Second, it will provide a more robust system by significantly 
reducing the impact of single-point failures. If multiple robots operate in parallel, then the failure of one individual 
robot will not cause the mission to fail. Furthermore, contingency can be factored into the system so that the water 
collection quota will be reached even if several robots fail. Third, a team of small robots has the advantage of being 
able to cover more surface area at one time than one large system. The area that one large robot can cover is limited 
to its rate of water extraction and movement. For a team of robots, however, this rate is multiplied by the number of 
robots, allowing for more water collection at the same time. The gamma-ray spectroscopy of Mars penetrated only 
1 meter into the Martian soil, so the existence of water ice has only been confirmed down to 1 meter in depth. 
Because the depth of the extraction is limited, a team of robots that covers a large horizontal area will extract more 
water than a single system that can reach high vertical depths. 

1.5 Design Focus 

The focus of this design will be on the water collection system, since this is the new technology that makes the robot 
unique from other Mars rovers. The paper focuses on the requirements for the system as a whole, and the design 
iterations and final results for the water collection device. Because the other subsystems are driven by the design of 
the water collection system, they are currently in a preliminary design phase, and are briefly outlined in this paper. 
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2. Approach 

To address the problem of subsurface frozen water collection via a team of small robots, it is necessary to follow a 
systems engineering approach. With this method, the objectives of the mission are established, and from these, the 
topdevel requirements of the system are derived. Using the top-level requirements as guides, the actual design 
process begins. Iterations are carried out for each subsystem; possible methods for achieving the mission objectives 
are suggested, studied, and eliminated if requirements are not met. In the end, the design is based on the method that 
best meets the objectives and follows the requirements. Currently, the concept for the integrated robotic team is in 
the design iteration phase. The water collection subsystem has been through several iterations, but for each of the 
less revolutionary subsystems, only one or two designs have been studied. 

2.1 Top-Level Requirements 

According to this systems engineering approach, the first task is to define the objectives and top-level requirements 
of the robotic system. The essential functions of the system are mobility, water detection, water extraction, water 
transfer, and water transport. The ultimate goal is a system that improves upon the Mars Reference Mission while 
performing these functions to achieve the objectives of the Mars Exploration Program. Improvement on the Mars 
Reference Mission includes an increase in fault tolerance and lower mass, volume, and power consumption levels. 

A review of NASA’s most recent plans for Martian ISRU establishes a basis for comparison. The 1 997 Reference 
Mission document outlines an ISRU plant concept that consists of two ISRU plants, together producing 23200 kg of 
water for crew members and 20200 kg of oxygen and 11600 kg of methane fuel for each Mars Ascent Vehicle 
(MAV). These ISRU plants are designed to produce enough fuel for two missions. Using gases from the Martian 
atmosphere and hydrogen transported from Earth, the plants combine the Sabatier, CO 2 electrolysis, and H 2 O 
electrolysis processes to produce the methane and oxygen and water by-product. The combined mass of the plants is 
approximately 7100 kg, their total volume can be assumed to be on the order of 100m\ and their total required 
power is on the order of 100 kW While it provides some detail about utilization of the resources of the Martian 
atmosphere, the Reference Mission document does not address any sort of transport of Martian regolith. NASA’s 
90-Day Lunar/Mars Study does, however, provide specifications for a mining excavator/loader vehicle, a hauler 
vehicle, and their power system. The combined mass of these vehicles exceeds 4500 kg, and their total volume is at 
least 36 cubic meters^ Considering together the atmospheric ISRU plants of the Reference Mission and the regolith 
movers of the 90-Day Study, NASA’s current plans for Martian resource utilization involve a mass, mcurrent» of more 
than 1 1600 kg (meurrem - 7 100 kg + 4500 kg) and a volume of more than 100 m^ 

Decreasing the mass and volume by a factor of eight would comprise a significant improvement on the current 
NASA Martian ISRU concept. A mass decrease would reduce the payload mass of the vehicle that transports the 
robotic system to Mars and would therefore reduce the fuel requirements and launch costs. According to this eight- 
fold decrease goal, the first system requirements are that the water collection team’s total mass, remains under 
1500 kg (mj„ax ~ nicurrent /8) and its volume remains below 12 m^. 

Based on the amount of methane and oxygen fuel required by the Reference Mission, it is reasonable to assume that 
5000 kg of liquid hydrogen will be needed to ascend to Martian orbit. To produce 5000 kg liquid hydrogen, 45000 
kg of water are needed. The 23200 kg of water required by the Reference Mission for crew life support system 
caches also still must be collected. Accordingly, the next requirement is that the robotic team delivers 68200 kg 
during the mission's timeframe, which was set at 180 days. Such a delivery requirement dictates a delivery rate of 
approximately 15 kg of water per hour, based on a continuously operating system. 


Table 2.1 Mission Objectives for Integrated Robotic Team for Martian Subsurface Water Collection 


Essential Functions 

Other Objectives 

Mobility 
Water detection 
Water extraction 
Water transfer 
Water transport 

- Achieve objectives of Mars Exploration Program 

- Improve on Mars Design Reference Mission | 
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Table 2.2 Top-Level Requirements for Integrated Robotic Team for Martian Subsurface Water Collect ion 


Metric 

Reqaireini^''' • ^ ^v. ^ ^ 

Mass 

< 1 500 kg total 

Volume 

< 12.5 m total 

Water Delivery 

(68200 kg in 180 days) + 100% Contingency = 30 kg/hour 


2.2 Mission and Environmental Assumptions 

In addition to the top-level system requirements that have been defined, there are certain mission and environmental 
assumptions that must be made in order to begin the design of the robotic system. These assumptions are listed in 
Table 2.3. 

Table 2.3 Assumptions for Martian Environment 
for Martian Water Collection Mission 


Figure 2.1: Martian Subsurface 
Model Resulting from Mars 
Odyssey Findings^ 


The landing site was chosen in the Northern hemisphere because of the less rocky and mountainous terrain that it 
affords, facilitating landing and mobility for the robotic team. The latitude value of 60° N was selected because at 
higher latitudes, the presence of a seasonal carbon dioxide cap would hinder water detection and collection, and at 
lower latitudes, the concentration of ice decreases^. The longitude value of 240° E was chosen because it lies in the 
region that is closest in elevation to the landing sites of Viking (1976) and Pathfinder (1997). At these landing sites, 
the air pressure was above the triple-point of water, which is necessary for liquid water to be sustained without 
artificial pressurization. Additionally, this landing site corresponds to one of the areas where Mars Odyssey findings 
predict the presence of subsurface ice'. From these findings, it can be assumed that at the chosen landing site, 
frozen water comprises 40 to 73% of the soil, by volume, at depths between 60 and 100 cm. At this depth, the soil 
temperature does not exceed -73° C^. The composition of the subsurface regolith is not homogeneous; therefore, the 
robotic system will seek out areas to extract water that are greater than 50% ice by volume, in order to maximize the 
efficiency of the system. In order to extract 65000 kg of water, an extraction area of 85 m by 85 m is needed. This 
calculation assumes a 50% efficiency in extracting ice from the subsurface, and it assumes that only 10% of this area 
is tapped for water. This 10% value was chosen because the percentage of the subsurface that exceeds 50% ice by 
volume is unknown and because mobility would be hindered if the entire collection area were littered with craters. 

The environmental conditions that the robotic system will experience are based upon measurements taken by 
previous robotic missions. The air pressure and temperature ranges are based upon those experienced by 
Pathfinder^, which landed at 19.13° N latitude and 326.78° E longitude. Although temperatures above 0° C are 
relatively common during summer afternoons, they only last for a few hours. Winds are generally less than 1 0 m/s, 
but afternoon dust storms are fairly common. The surface soil conditions were analyzed by Pathfinder and the 
Viking landers, and because they were are similar, it has been assumed that the soil in the Northern hemisphere is 
uniform in all locations'. The near-surface regolith contains a mixture of soil that is relatively coarse-grained and 
mostly igneous in origin and soil that is mostly fine-grained and dominated by some mixture of palagonite and 


buie 

Ajsumptkm 

Landing Site 

60°N, 240°E (±5°) 

Elevation 

3000 m below sea level^ 

Composition of Ice Layer 

40% to 73% ice by volume 

Depth of Ice Layer 

60 cm to 1 00 cm 

Water Collection Area 

85 m x 85 m 

Temperature 

-75° C to 0° C 

Air Pressure 

1 6,55 mb to 6.85 mb 

Wind ; 

Less than 10 m/s with frequent 
afternoon dust storms 

Gravity 

3.7 m/s^ 

Dry Soil Grain Size 

0.1 jim to 1500 jLim 

Dry Soil Density 

1 .2 ± 0.2 g/cm^ to 1 .6 ± 0.4 g/cm^ 
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clays^. Based on JSC Mars-1 (Mars simulated soil)^ the grain size ranges from 0.1 to 1500 ^im, and its density 
ranges from 1.2 ± 0.2 g/cm‘^ to 1.6 ± 0.4 g/cm\ The water collection area has a top layer of dry dust strewn with 
boulders. The near surface soil is generally dry, but may have from a few tenths to a few percent of chemically 
bound water^. Because no rover has analyzed the composition or nature of the soil below the surface, it is assumed 
that the soil is uniform in the top 60 cm, and the soil that is mixed with the ice layer is also similar in composition to 
the surface layer. 

An additional assumption was made concerning the existing space system architecture at Mars. It is assumed that by 
2025, the projected time frame of this mission, a constellation of global positioning system (GPS) satellites will be 
in orbit around Mars^ Thus, any GPS-equipped vehicle on the surface of Mars can receive signals from these 
satellites to ascertain its position on the Martian surface. 


3. Results 


With all of the requirements determined, designs for the robotic team can be considered. Because the water 
collection system is the unique function of the robot, its design is studied first and used to drive the design of the 
remainder of the robot. The design that resulted from this study consists of a team of drilling rovers that penetrates 
the Martian surface, collects frozen water and soil, and delivers this ice/soil mixture to quicker, less massive 
transporting rovers. Upon choosing this water collection system, the rest of the robots’ structure and functionalities 
can be designed. In the following sections are the specifications for each subsystem of the robotic team. The 
general strategy of the robotic team is outlined first. The physical subsystems are then described, beginning w ith the 
water collection system. The rationale behind the design of the water collection system is given in detail. 


3.1 Teamwork and Strategy Subsystem 

The chosen method for water collection requires a team of drilling rovers that is capable of extracting 30 kg of ice 
every hour (see Table 2.2). To obtain 30 kg of ice, the team must collect 65000 cm^ of ice/soil mixture. This 
required volume, V, of ice/soil is calculated with p, the density of ice; C, the composition of the mixture; and m, the 
required mass of ice: 




m 

~pC 


30000g 

(0.93 1 5 / ,)(50%) 

/ cm 


= 64445 cm^ = 65000 cm^ 


(3.1) 


This design assumes that the driller rover can efficiently collect ice/soil from 30 cm of the 40 cm-deep ice-rich layer. 
With an auger diameter of 10 cm and a collection height of 30 cm, 30 driller rovers are needed to collect 65000 cm^ 
of ice/soil mixture, assuming that each robot performs one cycle per hour. The number of drills, N, is calculated 
with V; d, the auger diameter; and h, the height of the ice/soil mixture: 


4V 

Ndnii"= =27 =30. (3.2) 

nd’h 


Transport rovers complete the job that these 30 driller rovers begin. The transport rovers simply receive the ice/soil 
mixture from the bottom section of the driller’s collection tube and deliver it to the central processing station. 
Figure 3.1 illustrates this cooperation between the driller and transport rovers. It is reasonable to assume that the 
transporter’s delivery of material will occur at a rate 3 times faster than the driller’s extraction; consequently, 3 
times fewer transport rovers than driller rovers are needed. Assuming this 3-fold relation between operating rates, 3 
driller rovers are serviced by every 1 transport rover. The required volume of the transporter’s holding tank, Vj^ansj^n 
is then: 


V, 


transport 


V 65000crf2 

= 3x =3x 




30 


= 6500 cm^. 


(3.3) 


The linear dimensions of the transporter robot can then be on the order of (6500 cm^) * ^ or 19 cm x 19 cm x 19 cm. 
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Figure 3.1 Cooperation of Driller and Transport Rovers 
for Martian Subsurface Water Collection 


3.2 Water Collection Subsystem 

As water collection is the team s unique function, design efforts were concentrated on the water collection system. 
An extensive iterative process was followed, and several possible designs emerged as the key design issues were 
explored. This section explains the design options that were considered and presents the final specifications that 
resulted from the iterative design process. 

3.2.1 Water Collection Design Iterations 

Figure 3.2 outlines the design iteration process that was followed for the water collection system. The figure shows 
each design problem that arose, the possible solutions to each problem, and the methods considered for 
implementing each system. The chosen solution for each problem is shaded, and arrows point to the subsequent 
decision. 

3. 2. 2 Explanation of Water Collection Decisions 

The final design was chosen to minimize both the complexity of the system and the amount of power required by the 
system. Complexity can be reduced by limiting the number of moving parts and mechanical systems, which is 
critical in a system that must function autonomously and without the ability to make repairs. Additionally, low 
complexity decreases the chances of fatigue failure, which is an important consideration for a system that is required 
to run continuously for 1 80 days. 

3.2.2.1 Removal of Dry Soil Layer 

To access the ice beneath the top layer of dry soil, two solutions were considered: (I) exposing an entire region of 
the ice layer by clearing away large portions of the top layer of soil or (2) penetrating through the top layer of dry 
soil each time a section of ice is extracted. The latter option was chosen because of the difficulty of clearing away 
large areas of dry soil. The main difficulty arises from the soiTs lack of stability. The frequent dust storms on the 
Martian surface also pose the danger of filling in the quarries with dust and burying the robots. As a result, the 
optimal design consists of each robot independently drilling through the top layer of dry soil each time it removes a 
section of ice. 
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Design Issue ^2: 
Removal of Water 
Ice Laver (MO cm) 


Melt water off-site 
(transport as frozen mixture) 




[Melt water on-site 


Transport only water 
(filter) 

Transport soil/water 
mixture 




Design Issue #3: 
Penetration of Water 
Ice Layer 



I Drilling through ice to chop up 
[impact to fracture ice 







Bulldozing robots, robots dragging 
continuous plow, "snowblowing” 

Telescoping drill, rigidly extended 
drill, telescoping corer 


Drill, auger, coring device, impactor 

Vertical Collection: 

Resistive heater with pump, drill with 
with heater, filter, and pump, positive 
displacement pump, either with filter or 
to pump entire mixture 

Horizontal Collection: 
fiber optics carry heat and move by 
melting, telescoping resistive heaters 
with attached pumps, horizontal drill 
with melter, filter, and pumps 

Auger, archimedes screw'-like device 


Double auger; outer auger cuts through 
soil, inner auger function only when ice- 
soil layer is reached 

Valve system 

Rotate auger with a stationary, above- 
ground motor and telescoping drive shaft 

Rotate auger with a translating motor and 
extendable electric cable 


driller robots and transporter robots 


Figure 3.2 Design Issues, Solutions, Implementations, and Decisions in Determining a Method for Martian Water Collection 
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3.2. 2.2 Removal of Water Ice Layer 

To extract the ice, there were also two general solutions: (1) melting the ice on-site or (2) melting the ice off-site. 
The advantages to having each robot melt its own water included carrying less material back to the central location 
and reducing using only heating elements rather than moving parts. Several problems arose from this design, 
however. First, a heating element alone would not be sufficient; a drill-like device would still be necessary because 
the composition of the ice-rich layer is up to 50% soil by volume. Next, separation of the water from the soil would 
require a filter, which would have a high likelihood of clogging because of the small particle size of the soil, as 
small as 0.1 microns. Such small particles tend to settle very slowly, and typically have Reynolds numbers less than 
one. These flows are generally dominated by viscous effects, and Stokes showed that the velocity of a one micron 
particle is approximately equal to: 

^ 2pg/; (3 4) 

P^L 

Due to Stokes drag, the smallest particles encountered by the filter would travel much slower than the rest of the 
flow, causing the filter to clog. Because of this problem, it would have been necessary to carry back at least some of 
the soil. Third, the containment of liquid water would require a regulated environment because at the Martian 
atmospheric pressure, liquid water only exists between approximately 0 and 10°C. Finally, simple energy 
calculations reveal that providing the heat of fusion to melt the ice requires significantly more energy than fracturing 
and lifting the frozen ice and soil mixture. To melt 300 g of water at 0 C, 100200 J are required, while energy only 
on the order of 100 J is required to fracture and lift the 800 g of frozen soil that contains 300 g of water. The 
following calculations show how these values are derived. 

= (300g)(334f) = 1002007 (3.5) 


E = E + F 

mechanical fracture 


^ frozen soil facture ^soU ^sml ^ Mars ^ lift 


= ( 165 ^)(644.5cw' ) + (300g)(3.694)(l .25w) 
= 106J + 1.47 = 107 J 


( 3 . 6 )’^ 


Melting the ice off-site by carrying the frozen ice/soil mixture back to the central holding location is the preferred 
option. Although this option requires carrying the entire ice/soil mixture, this transportation would be necessary 
even if the ice is melted on site. Because the robot must get through the dry soil layer in either case, an attractive 
method is to use the same tool to extract both the dry soil and ice/soil layers. An auger is an ideal tool for 
accomplishing this task, since it serves both to drill through the soil and to displace it upwards simultaneously. An 
auger will granulate the ice/soil mixture as it drills, making it easier to transport and store. The torque required to 
push a 10 cm-diameter drill through soil is significant. Typical small cordless drills deliver a torque of 8 N-m for a 
1cm drill bit. This corresponds to 80 N-m for the rover's 10 cm auger. At high rotational speeds, achieving a torque 
of 80 N-m would require more power than is available (P = Tco = 1780 W for o) of just 200 rpm). However, high 
rotational speeds are not necessary. If the auger can descend 0,5 cm in one revolution, then a speed of 20 
revolutions per minute would enable the auger to penetrate 100 cm in just 10 minutes. A 10-minute drilling time fits 
into the requirements of the mission, and a speed of 20 rpm requires 178 W of power, which achieves the design 
goal of minimizing the required power. 

3.2. 2.3 Design of Auger 

The first consideration when designing the auger device was whether or not to extend the auger the entire 1 00 cm 
length of the hole being drilled or to place a shorter auger at the end of a drive shaft. The initial incentive for 
creating a 100 cm auger was to ensure that all of the material would be transported upwards to the surface. 
However, the 6 kg mass required by an auger of that length would cause the robot to exceed its mass constraints. 
Additionally, a full-length auger is not required for the soil to be transported upwards. 

The auger will displace soil upwards toward the surface as it drills. A collection tube or tank will then collect the 
material being displaced. While a tube or tank that remains above the surface is the simplest option, a support 
structure would be necessary to maintain the structure of the hole created by the auger. Because the drive shaft will 
have a smaller diameter than the hole created by the auger, the hole will collapse behind the auger as it travels 
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downward through the dry soil layer. Therefore, a collection tube that follows the auger into the soil is the preferred 
option. 

3.2.2.4 Separation of Ice/Soil Layer 

It would be ideal to separate the top 60 cm of dry soil from the bottom 30 cm of ice/soil mixture. This separation 
would require fewer trips to the central holding tank or decrease the size of the storage tank on each robot. Two 
possible design iterations were rejected based upon the complexity of the systems. The first involved two augers, 
one inside the other. The inner auger would be covered while the outer auger drilled through, collected and disposed 
of the dry soil. Upon reaching the ice-rich layer, the outer auger would be covered, and the inner auger would drill 
through and collect the ice-rich soil. The second design required only one auger, and would use a valve to direct the 
dry soil out of the robot and the ice-rich soil into a holding tank on the robot. Both designs would add mechanical 
complexity. The alternative design that was chosen consists of a non-telescoping auger that expels the desired 
bottom 30 cm into a transporting rover and the unwanted top 60 cm back to the Martian surface. 

3.2.2.5 Telescoping of Auger versus Non-telescoping System 

Another design issue involves the choice between a telescoping and a rigid non-telescoping drive shaft/collection 
tube. Telescoping allows for a more compact robot design with the ability to drill to the required depth. However, 
telescoping adds complexity and multiple moving parts. Additionally, a telescoping drive shaft and collection tube 
would have to be covered with a shroud to prevent mechanism-locking from fine soil particles. The trade-off is 
between a compact telescoping design and a larger non-telescoping design. The final design consists of a tube with 
a length of 125 cm, which contains the non-telescoping collection tube and drive shaft connected to a 10 cm auger. 

3.2.2.6 Single Robot Type versus Multiple Robot Types 

The design of the water collection robot lends itself to a system that consists of two types of robots: a drilling water 
collection robot and a water detecting and transporting robot. Because the driller robots’ sole purpose is to drill and 
extract the ice, their mobility becomes less important. These robots can be built with the primary focus on drilling. 
A second robot will serve as a water detecting and transporting robot. This focus of these robots will be on mobility, 
and they will be more agile, smaller and lighter. 

3.2.3 Preliminary Design of Water Collection System 

The chosen water collection method consists of drilling to a depth of 100 cm and collecting all of the dry soil and 
ice-rich soil encountered in the resulting 100 cm column. This method is implemented with a 10 cm auger followed 
by a 100 cm collection tube. The tube and auger are stowed horizontally within an outer protective cylinder on the 
driller rover. When the rover reaches a drilling location, a shoulder motor on the rover drives the cylinder to rotate 
about an axis normal to its length. When the cylinder is oriented vertically, the rotation ends and the auger becomes 
operational. 

A translating motor drives the rotation of the rigid auger and drive shaft assembly, and parallel lead screws drive the 
insertion of the collection tube into the subsurface. A roller bearing interface between the drive shaft and the 
collection tube allows the collection tube to transfer the downward force from the lead screws into vertical thrust for 
the auger. This bearing is embedded in a disk that is rigidly connected to the collection tube. Cut-outs in the disk 
allow soil to travel up the collection tube. Because the bearing is fully constrained to the drive shaft in the vertical 
direction, and the disk is fiilly constrained to the collection tube in the vertical direction, the drive shaft (and auger) 
matches the vertical translation of the collection tube. As the auger and collection tube descend into the subsurface, 
the rotation of the auger directs soil from the top 60 cm and ice-rich soil from the lower 40 cm upwards into the 
tube. Once the entire column of soil is inside the tube, the lead screws reverse their rotation, and the tube, drive 
shaft, and auger ascend back into the outer protective cylinder above the surface. The bottom 10 cm of ice/soil 
mixture remains in the auger blades; this material is allowed to escape back to the surface as the auger retracts 
upwards. Consequently, a cylindrical volume of ice/soil mixture that measures 30 cm in depth by 10 cm in diameter 
contains all of the desired water. Once the auger and collection tube have been fully retracted, the rover’s shoulder 
motor pivots the water collection cylinder 45 degrees away from vertical, the transporter robot positions itself below 
the cylinder opening, and the auger rotates in reverse until the ice/soil layer has been released. Finally the 
transporter rover drives away, and the auger rotates until the collected dry soil layer is expelled onto the Martian 
surface. 
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A ledge that is embedded into the outer cylinder supports both the spool that contains the extendable cable of the 
auger motor and the motor that drives the rotation of the lead screws. At the bottom end of the outer cylinder, a 
tightly-fitting guide keeps the drive shaft and collection tube in alignment as they enter the subsurface. Figures 3.3 
and 3.4 highlight the main components and dimensions of the water collection device. 




Figure 3.3 Components of Martian Water Collection Figure 3.4 Dimensions (in meters) of 

Device Martian Water Collection Device 

To illustrate better the functionality of the water collection device, Figure 3.5 provides a shaded view, with the outer 
cylinder transparent. Figure 3.6 shows an exploded view of the outer cylinder, collection tube, and auger. Figure 
3.7 details the guide that stabilizes the auger and collection tube as they enter the subsurface. 



Figure 3.5 Shaded 
View of Martian 
Water Collection 
Device 



Figure 3.6 Exploded View of 
Martian Water Collection 
Device 



Figure 3.7 Detailed View of Auger 
Guide on Martian Water 
Collection Device 
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3.3 Structure Subsystem 

The structure of the drilling rover exists to support, actuate, and transport the water collection device. Its supporting 
members are comprised of cold temperature resistant metal. The total mass of the rover is 18 kg, and it measures 
125 cm, 31 cm, and 50 cm at its longest, tallest, and widest points. In addition to the water collection device, the 
main components supported by the structure of the rover are the wheels and their motors, the shoulder bearing for 
the water collection cylinder, the shoulder motor, the Mars GPS device, the feedback and control microcontroller, 
the high-level microprocessor, and communications transmitter, and 2 125-watt radioisotope thermoelectric 
generators (RTGs). All of these components will be explained in the subsystem sections that follow. Figure 3.8 
displays the rover’s general structure and all of its main components, and Table 3.1 lists these components. Figures 
3.9 and 3.10 illustrate the basic dimensions of the drilling rover. 



Figure 3.8 Layout and Components of Driller Rover for Martian Water 
Collection 


Table 3.1 Main Components 
of Driller Rover and their 
Masses 


Component 

Mass (kg) 

Drive Shaft {98cmj 

0.6 

Auger (10cm) 

0.4 

Auger Motor 

1 

RTG 1 

5 

RTG2 

5 

Tilt Motor 

I 

Lead Screw Motor 

0.5 

GPS 

0.2 

High-power Processor 

0.2 

Low -p>ower Processor 

0.2 

Wheel & Motor 

0.5 

Wheel & Motor 

0.5 

Wheel & Motor 

0.5 

Wheel & Motor 

0.5 

Supporting Structure 

2 

TOTAL 

18.1 




Figure 3.9 Front View of Driller Rover Figure 3.10 Side View of Driller Rover for Martian Water 
for Martian Water Collection Collection 
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Figure 3.1 1 depicts the rover with the water collection device in its operational, vertical position. Figure 3.12 shows 
a view of the rover with the water collection device stowed horizontally, ready for rover movement. The rover is 
shown with the non-drilling end in the foreground. 



Figure 3.11 Martian Water Collection Rover 

with OnprsitionnI nrill 



Figure 3.12 Martian Water Collection Rover 
with Stowed Drill 


3.4 Drive Train Subsystem 

The drive train of the driller rover will consist of four wheels each driven by an individual motor. They are covered 
with treads for traction on the Martian soil. To enable the rover to clear any surface obstacle that is 5 cm or less in 
height, the wheels are 10 cm in diameter. Each wheel motor draws power from the RTGs based on the signal it 
receives from the rover’s microprocessor. Figures 3.11 and 3.12 depict each wheel motor directly shafted to its 
respective motor. In further work, the design may place the motors on the rover base, directly above wheels, with 
right-angle gears providing the connection between the motors and the wheels. Because the rover is only required to 
travel distances less than 85 m and can take several minutes to travel those distances, it needs only to achieve 
velocities on the order of 0.5 m/sec. For wheels that are 10 cm in diameter, the motors need to operate at the low 
speed of 100 rpm. 

3.5 Command and Data Handling Subsystem 

The feedback and control system of both the drilling rover and the transporting rover are run by an embedded 
microcontroller, which handies a limited set of time-critical tasks. This feedback and control processor controls the 
speed and movement of the robot, drilling mechanisms, water detection, object avoidance, and docking. For such 
processes, latency is a prime consideration. 

Computationally intensive tasks such as data storage and processing, navigation, drilling site selection optimization 
and communication require a processor with greater computational power than the microcontroller for hardware 
control. Consequently, on each type of rover, a second processor handles these tasks. This extra complexity incurs 
greater power usage, but power consumption of this higher level system can be minimized by powering down 
components or scaling the clock speed of the processor when full capabilities are not required. 

Designing the system with two separate microprocessors is an attractive option because it increases the fault 
tolerance of the system. Traditionally, each robot would be simplified and much of this processing would be done 
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by a central computer. A simplified robot and central computer would also simplify coordination between teams of 
working robots. However, a central control station giving out orders to all robots introduces a single point of failure 
in the system. If each robot can instead make its own decisions, that responsibility is distributed evenly among the 
robots. A second disadvantage of a central control station is the higher power that it would require. If it is 
considered how microprocessor cycles per mW have increased linearly over the past 20 years, a significant power 
savings can be seen since RF uses a virtually constant amount of power per amount of data passed. 

3.6 Communications Subsystem 

The water collection team uses wireless communications to allow a team of robots to work on shared tasks. Both 
types of robots broadcast messages to the entire collective through an ad hoc peer-to-peer 2.4 GHz network. The 
communication module has enough RF power output to be broadcast over the entire water extraction area. This 
model allows the rovers to share and aggregate vital information, such as water concentration and obstacle 
avoidance data. This method has been chosen because of the availability of hardware and software modules to 
handle the physical and logical layers with reliable performance and low power usage. 

3.7 Navigation Subsystem 

The navigation system works under the assumption mentioned above that GPS satellites are in orbit around Mars. 
Each driller rover and each transport rover contain a GPS receiver that is supplied with differential correction factors 
over the wireless network from a central computer and GPS receiver. The motivation for differential GPS is to 
increase the accuracy of the mobile GPS stations. The design assumes that the base station is located at a fixed 
location so error correction factors can be calculated by comparing the known position to the position obtained by 
the GPS receiver. These correction factors are subsequently applied to all the robots to achieve the resolution 
needed to reliably locate other robots on the Martian surface. While the base station could represent a single point 
of failure, it is assumed that sufficient redundancy has been built into the Martian GPS system, as it will be critical 
to many other mission objectives. 


3.8 Power Subsystem 

Each driller rover is powered by radioisotope thermoelectric generators (RTG). RTGs are lightweight, compact 
power systems that are highly reliable. RTGs are not nuclear reactors and have no moving parts. They use neither 
fission nor fusion processes to produce energy. Instead, they provide power through the natural radioactive decay of 
plutonium-238, a non- weapons grade isotope. The heat generated by this natural process is changed into electricity 
by solid-state thermoelectric converters. RTGs enable rovers to operate at significant distances from the sun or in 
other areas where solar power systems would not be feasible. 


Radioisotope power sources are the enabling technology for space applications requiring proven, reliable, and 
maintenance- free power supplies capable of producing up to several kilowatts of power and operating under severe 
environmental conditions for many years. Previous space missions that have used radioisotope power sources 
include the Apollo lunar surface scientific packages and Pioneer, Viking, Voyager, Galileo, and Ulysses spacecrafts. 
The Mars Reference Mission alludes to plans for a “Dynamic Isotope Power System” that delivers power at a 
specific power of 9 Wg/kg^. Assuming a two-fold increase in technology every ten years, it can be estimated that 
radioisotope power systems will have specific powers of approximately 35 Wg/kg by the year 2025. Consequently, 
the driller rover is powered by two 5-kg RTGs, each delivering 125 Wg of power. They deliver a more conservative 
specific power of 25 W^/kg. The 250 Wg of power that they deliver is sufficient for all of the rover's electrical 
systems. 


RTG power sources are superior to other power system options. Solar power is an frequently used option, but to 
produce 250 Wg of power with 30%-efflcient photovoltaic cells, a cell surface area of more than 1 m^ is required. 
This surface area A^ is given by: 


As- 


* required 
^Mar/I 


250W 

( 600 %.)( 0 . 3 ) 


= 1.39 m“ , 


(3.7) 


where iMars is the solar flux at Mars and T| is the efficiency of the photovoltaic cells. Adding almost 1 .5 m‘ surface 
area to each rover would cause the robotic team to exceed its size limitation. Another drawback of solar cells is that 
they cannot operate continuously or completely independently. They must cycle through charging and discharging 
cycles that depend on the length of solar exposure, and they work in conjunction with batteries that store and deliver 
power when the cells are not exposed to sunlight. These batteries increase the mass of the power system, and the 
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dependence of the photovoltaic power system on sunlight means that continuous operation of the robotic water 
collection team could not be ensured. Compact, continuously functioning RTGs are desirable over solar cells. 

3.9 Water Detection Subsystem 

The robotic team depends on the transport rovers to detect water in the near subsurface. The transport rovers be 
equipped with water detection systems that can determine the regions where the 60 to lOOcm-deep portion of the 
soil contains more than 50% ice by volume. The transport rovers direct the driller rovers to these water-rich 
locations. The water detection system uses a lightweight, low-power, ground-penetrating radar (GPR) system to 
probe the Martian subsurface for aqueous slayers in solid state. Advantages of radar include relatively low mass and 
power, high signal controllability, and high resolution imaging of subsurface cross sections. A GPR operating in 
two frequency bands centered around 10 MHz and 500-1000 MHz or sweeping through the 10-1000 MHz region, 
can provide information about the subsurface with high resolution at shallow depths, which is the region of interest. 
This technique is considered essential for targeting a mobile drill and for providing 3-dimensional geologic context 
for drill results. GPR can also be used for subsurface hazard avoidance during long rover traverses^'. The 
penetration depth of a GPR on Mars is highly dependent on the stratigraphy and lithology of the subsurface layers. 
The radar responses from geophysical models of surface characterization, soil properties at microwave frequencies, 
and three-dimensional stratigraphy mapping based on what could be expected on Mars have been simulated by 
Leuschen et al*^. 

In choosing this method, it was first determined that any water detection system must avoid surface contact to 
minimize the number of mechanical parts and to maximize the area covered. The non-contacting systems that were 
considered included infrared, neutron, nuclear magnetic resonance (NMR), and electromagnetic radiation such as 
ground-penetrating radar. Infrared was discounted because the depth of penetration was only a few microns. NMR 
was not feasible because of the lack of a magnetic field on Mars. The electromagnetic method was chosen because 
it was simple to implement and the most reliable. 


4. Conclusion 

The systems design approach to the problem of Martian subsurface water collection attempted to lay out a set of 
critical mission requirements and then to best meet these through several phases of design iterations and 
optimizations. The water collection system chosen meets and exceeds every requirement set out at the beginning of 
the design process. The team of robots has a total mass and volume of 700 kg and 6 m^ and possess the capability to 
collect the required mass of water with 100% contingency. These characteristics are marked improvements over the 
90-Day Study’s plan for a Martian mining excavator/loader vehicle, hauler vehicle, and their power system. 
Therefore, the team of small robots more efficiently and more reliably meets the task of Martian ISRU by taking 
advantage of the recent Mars Odyssey discovery. The concept of using a team of small robots proposes a 
revolutionary approach, improving upon the customary notion that a large robot is required to accomplish such a 
full-scale task as mining for frozen water on Mars. The integrated robotic team presented in this paper is a concept 
that should be taken into consideration for future Mars mission that desire a more efficient and reliable approach to 
autonomous in situ resource utilization. 


5. Further Work 

As mentioned above, this paper is the result of the preliminary design phase for Martian subsurface water collection. 
The conceptual design for the robotic team and the preliminary design of the water collection system have already 
been laid out, and the next phase is to complete the iteration process for the remaining individual subsystems. This 
includes designing the interface between the various subsystems to ensure that they will function together. Once all 
of the subsystems have been designed, the final detailed design must be completed, including the selection of 
appropriate materials and hardware for robust operation in the Martian environment. Particular attention must be 
paid to thermoregulation, radiation shielding, and protection from dust prevalent in the atmosphere. 
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While the details are being completed on all of the subsystems, prototyping and experimentation will begin on the 
water collection system to optimize its design and to ensure its proper functioning. This will include creating a 
simulated Martian soil and replicating Martian environmental conditions as much as possible. Once the water 
collection system is built and its interface with the rest of the subsystems has been designed, it will be incorporated 
into a fully operational robotic system. The final step is to build the transport robot and to demonstrate the ability of 
the pair of robots to work as a team to detect, collect, transfer, and transport the water. 
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Abstract 


The recently developed Odyssey gamma-ray spectrometer (GRS) has detected high concentrations of hydrogen, 
which strongly indicates there is permafrost and water ice in the upper meter of soil in the South Pole region of 
Mars. This finding presents the possibility that halophilic (salt loving) Archea might be present in its ice. It is 
possible that there may be areas of saline ice on Mars, since saline is found in Arctic ice. Halophiles are known 
to survive well under adverse conditions and have possibly lain dormant since the Upper Permian (250 million 
years) in salt deposits (2, 3, 7, 9). 

Consequently, two halophiles isolated from San Francisco Bay salt ponds were selected to determine if they 
could survive the severe Martian conditions. To date, they have survived at least 8 months under experimental 
conditions. Future experiments will include dormant halophilic isolates from Lake Searles red salt crystals and 
Upper Permian Berchtesgaden rock salt. 


Introduction 


Martian surface conditions are not favorable for living organisms. The low pressures of 6 to 10 millibars of 95% 
carbon dioxide, a mean temperature of -80°C and the presence of superoxides formed by intense ultra-violet 
(UV) light irradiation, destroy organic compounds. However, some adverse terrestrial conditions did not deter 
organisms known as Extremophiles from surviving. In fact, the Martian conditions are very similar to the 
lyophilization process (freeze/dry by vacuum) used for preserving microbial cultures in the laboratory. Water is 
considered an essential element and appears to be lacking on the Martian surface. However, the presence of 
liquid water appears feasible and its presence has been demonstrated by experimentation under certain 
conditions. (12, 13, 14). It most likely exists as surface liquid water for a short time and as subsurface water or 
permafrost, which may support life forms. 

A brief survey of Extremophiles: Among them are the Archea group which include: thermophiles from thermal 
hot springs and sub oceanic thermal “smokers”; barophiles, bacteria surviving in deep oceans under extremely 
high pressures; methane bacteria found in swamps, and sulfur hot springs; and psychrophiles (cold loving) found 
in the Lake Vostok Ice Shelf. Highly radioactive environments such as the Oakridge Atomic and Three Mile 
Reactors, showed the presence of Dei nococcus radiodurans , whose ability to survive extremely radioactive 
environments is accomplished by constantly repairing damaged DNA with numerous copies of DNA. Another 
Extremophile is the arthropod-like tardigrades (21 ). They are so unique that a separate phylum, known as 
Tardigrada, was created for them. Commonly known as “water bears” they can survive desiccation for a 
hundred years, in vacuum, while subjected to extreme temperatures and high radiation. 

Other Extremophiles include Bacillus infernus, a strict anaerobe isolated from a Virginia mine basalt at depth of 
2.8 km. Cryptoendoliths were found to form a unique biological niche in an Antarctica Dry Valley in porous 
sandstones despite the harsh conditions of low moisture, near freezing temperatures, high winds and high UV 
flux (16,17). Halophilic (salt loving) archea are found universally in salt ponds and lakes and even as dormant 
cells or as biopolymers in rock, salt crystals ( figures 1,2 3,4)) and in evaporates and desert varnish. There are 
also recent findings of evaporates on Mars (21). 

Halobacteria are facultative anaerobes, which use rhodopsin that produces ATP from ADP; they survive lysis in 
a high NaCl environment by maintaining a high concentration of cellular potassium ions. Another halophile uses 
halorhodopsin as a chloride pump (22). In addition to its role in metabolism, the pigments serve as a shield 
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flux (16,17). Halophilic (salt loving) archea are found universally in salt ponds and lakes and even as dormant 
cells or as biopolymers in rock, salt crystals ( figures 1, 2 3,4)) and in evaporates and desert varnish. There are 
also recent fmdings of evaporates on Mars (2 1 ). 

Halobacteria are facultative anaerobes, which use rhodopsin that produces ATP from ADP; they survive lysis in 
a high NaCI environment by maintaining a high concentration of cellular potassium ions. Another halophile uses 
halorhodopsin as a chloride pump (22). In addition to its role in metabolism, the pigments serve as a shield 
against UV light and help to raise the temperature by absorbing sunlight. Sodium chloride also protects the cells 
from UV light. Other survival mechanisms include cellular potassium £md sodium, which are also essential for 
enzyme function and for using glycine-betaine (18,19). 

In our laboratory experiment, dormant Archea halophiles were recovered from Searles Lake red salt crystals and 
Upper Permian (250 million years) rock salt from the Berchtesgaden salt mines in Germany. There have been 
others instances of recovered halophiles from the Berchtesgaden and English salt mines in addition to New 
Mexico caves and even 650 million year old salt deposits (1, 2, 3, 4, 5). The claims for some of these recoveries 
are under debate. Some reasons for this skepticism include possible contamination and intrusion of more recent 
halophiles in water into the permeable salt crystals (23). It is common knowledge that recent age salt crystals 
harbor viable halophiles and their recovery is not difficult (1,16). We subsequently selected halophiles because 
of their ability to survive long periods under adverse conditions, and their dormancy period. Culturing them in a 
high salt concentration media excludes most contaminants. They are also readily available. For these reasons, 
they are a good candidate for this exobiology experiment (5,2 1 ). Moreover, since the Mars subsurface may have 
salt deposits and saline, the likelihood of finding halophiles is promising (6). 

For the first experiment, we tested two fresh halophilic isolates from the San Francisco Bay to determine if they 
were able to survive under Martian conditions; Halobacterium (Haloferax) volcani (24), originally isolated from 
the Dead Sea, is mainly gram positive, nonmotile, disk shaped; with colonial morphology - smooth, round edges 
and displays orange pigment. The second isolate, designated as Halophile 1 W is gram variable, non-motile, 
having short rods, with colonial morphology - smooth, round edges, and displays a yellow pigment (25). Both 
can tolerate 30% and 20% NaCl concentrations, respectively. 

Method 


Two halophiles, Haloferax volcani. and one designated as Halophile 1 W, were isolated from the San Francisco 
Bay salt ponds. They were cultured in ATCC 1270 medium: NaCl-194 g, MgCh 16 g, MgS 04 24 g, CaCh 1.0 
g„ NaHCOi 0.2 g, KCl 5 g, NaBr 0.5 g. Yeast Extract 5.0 g, 1 L water, PH 7.3. 

Plating was done with Salt Tryptose Glucose Yeast Extract Agar (STGYA); Tryptone-5.0 g. Yeast Extract-2.5 
g, Glucose-1 .0 g, NaCl -lOg, Distilled Water- 1 L, pH 7.2. High Salt Concentration Agar was used to determine 
the degree of salt tolerance in cultures, a series of 30, 60, 120 and 150g NaCl g/ L was added to the STGYA 
medium. It was found to be impractical to culture halophiles on 25% NaCl agar because the salt crystallizes on 
the a gar surface before the slow growing halophiles show growth of colonies. 

Titered suspensions of each species in 1 % saline, were added to Mars Soil Sunulant JSC- 1 Mars (10), cultured in 
200 mL medicine bottles, and then placed into a bell jar containing dry ice to create a CO 7 atmosphere, using 
Drierite to remove water vapor. The internal pressure was adjusted to 5 torrs pressure and the assembly was 
frozen to -23° C in a freezer for the test (fig 7). A duplicate set was also run to serve as the Control set using 
ambient temperatures and atmosphere conditions in a bell jar that was exposed to light. A non-halophilic spore 
former. Bacillus mvcoides. was selected for comparison. Periodic determinations of survival ability were 
perfoimed by the heterotrophic plate count (HPC) method found in Standard Methods (7). Ten fold dilution 
series were made with 1% saline for plating. Plating for each dilution was done in duplicate. After incubation at 
37°C for 72 hours, enumeration of colonies was done visually with a Quebec Colony Counter; Colony Forming 
Units (CFU) were then determined using Standard Methods (7). See Flow Chart. 
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Results 


Survival Ability of Halophiles under Martian Conditions 

Experiment Duration: Nov 2001 to October 2002 

Nov 30 ‘01 Jan 4 ’02 Jul 1 7 ’02 
Colony Forming Units tCFU) per milliliter 


Mars Set 

Haloferax 

2.200.000 

1.200.000 

420.000 

-23°C 

volcani 




5 torrs COp 

Halophile 

2.900.000 

1.800.000 

270.000 


IW 





Bacillus 

1.800.000 

not done 

240.000 


Mvcoides 




Earth Set 

Haloferax 

3.500.000 

2.200.000 

2.100.000 

Room Temperature 
Ambient pressure 

volcanii 



2.400.000 

Haloohile 

2.500.000 

1.800.000 


IW 





Bacillus 

3.500.000 

not done 

290.000 


Mvcoides 





Discussion 


The Mars Set showed a decrease in numbers of Colony Forming Units (CFU) for both halophiles and Bacillus 
mvcoides . a non-halophilic spore former. In the Earth Control set, halophiles showed less decrease in CFU than 
the Mars Set. Bacillus mvcoides showed a similar decrease in numbers; this decrease may be possibly attributed 
to Ifeeze/thaw damage of cells incurred by periodic removal from the bell jar for testing. The Earth Control 
colonies were orange while the Mars Set colonies were white (fig 8). This difference may be attributed to the 
pigments of the rhodopsin family, which are photosynthetic (5); subsequently, future experiments will be 
conducted to determine the role of light on colonial color. 

Concerning the recovery of dormant halophiles from salt, the findings are under debate because of permeation of 
more recent halophiles in water by a temperature gradient (15). However, the molecular biological signatures 
showed that the ancient halophiles are significantly different fit)m the modem species (2). 

Future Experiments 

1 . To determine if the decrease in numbers of the Mars Test Set was due to freeze/thaw effect, aliquots of 
halophile/soil will be distributed to multiple containers to avoid freeze/thawing. Only one container from each 
set will be removed periodically for testing, thus ensuring the integrity of the remaining containers. 

2. Dormant halophilic isolates recovered from Searles Lake and Upper Permian Berchtesgaden rock salt will 
be tested by the previously described method, except that the Mars Set will be subjected to -80° Celsius (average 
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Martian temperature) with C02. These isolates were cultured from sterilized salt ciystals or rock salt. 
Sterilization was achieved by flaming and exposure to a UV germicidal lamp in a Sterilgardhood (Baker Co) for 
one to two hours, with frequent rotation of the crystals to assure complete surface sterilization. The weighed 
crystals were then dissolved in 1% saline to a final concentration of ~10 to 15% NaCI (1.5 to 2.5 molar) and then 
cultured in the ATCC Medium 1270 for several weeks at room temperature. A control UV sterilization run was 
done to determine the efficacy of our UV surface sterilization technique. A Confrol UV sterilization run was 
completed to determine the efficacy of the sterilization technique by testing < 2m diameter crystal. No growth of 
halophiles were observed with this run. 

3. Koch Postulates Experiment: To prove that an etiological agent causes a disease, a pure isolate culture of 
the suspect agent will be tested in a susceptible host. Recoveiy of the agent in question demonstrates that the 
agent is responsible for the disease. This procedure is known as Koch’s Postulates. In this future experiment, a 
pure culture of halophile will be allowed to crystallize in a sterile saturated salt solution for dormancy. 

Successful recovery of the dormant halophile will satisfy Koch’s Postulates requirements. 


Description of isolates to be used for future experiments: 


Source 

Colonial Morohologv 

Gram Stain 

Growth in % NaCl Medium 

ATCC 1270 




6 

9 

12 

15 


Searles Lake 

yellow, smooth, regular 

var. cocci -1 \Mn 

+ 

+ 

+ 


- 1 - 

Searles Lake 

white, smooth, regular 

var cocci- 1 \xn 


+ 




Searles Lake 

yeast, white, smooth 

pos. - 5 urn 

+ 





Berchtesgaden 

yellow-orange, smooth 

var. cocci 


+ 





Conclusion 


The halophiles, Haloferax volcani and Halophile 1 W, were able to survive under Martian conditions; however 
their decrease in numbers may be attributed to the freeze/thaw effect. The Martian halophilic archea species, 
better adapted to their harsher environment, may survive in greater numbers than the terrestrial strains used in 
this experiment. 
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Table! Chemical Comoosnions 



VL-1 

VL-2 

Pathfinder 

JSC Mars -1 

Oxide 




W|9r* — 

Wt%**** 

S 1 O 2 

43 

43 

44.0 

34.5 

43.5 

AI 7 O) 

7.3 

7 

7.5 

18.5 

23.3 

TIO 2 

0.66 

0.56 

1.1 

3.0 

3.8 

FC 2 O 3 

18.5 

17.8 

16.5 

12.4 

15.6 

MnO 

n.a. 

n.a. 

n.a. 

0.2 

0.3 

CaO 

5.9 

5.7 

5.6 

4.9 

6.2 

MgO 

6 

6 

7.0 

2.7 

3.4 

KjO 

<0.15 

<0.15 

0.3 

0.5 

0.6 

NajO 

n.a. 

n.a. 

2.1 

1.9 

2.4 

PjOs 

n.a. 

n.a. 

n.a. 

0.7 

0.9 

SO 3 

6.6 

8.1 

4.9 

n.a. 

n.a. 

Cl 

0.7 

OS 

OJ 

n.a. 

n.a. 

LOI 

n.a. 

n.a. 

n.a. 

21.8 

n.a. 

Total 

89 

89 

89.5 

lOU 

100.0 

n.a. . 

not analyzed: all iron calculated as FcjOj 



LOI (loss on ignition) weight loss after 2 hrs at 900®C; includes HjO and SOj 
• Viking landers 1 and 2 XRF (mean of 3; Banin ct al, 1992) 

•• Pathfinder APXS (mean of 5, norm, to 44 wi% SiOi; Ricdcr et al. 1997) 
XRF (Hooper ct al, 1993) 

•••• XRF (volaillc-frec, normalized; Hooper ct al, 1993) 

Volatile Content Martian soil simulant JSC Mars>l contains considerable wi 
Healing experiments in flowing argon demonstrate weight losses after one b 
ranging from 7.8 vn% at 100*C to 21.1 wt% at 600^C, These numbers repncj 
total volatile loss, which is probably dominated by HjO but would also include ‘ 
if sulfates are present 

The Martian surface soil, by contrast, is extremely jdry. Viking experime 
released 0.1 to 1.0 wt% water from soil samples heated to 500^C (Biemann et 
1977). 


Halobacterium media (ATCC medium 1270) 


NaCl 

MgC12 

MgS04 

CaCl2 

KCl 

NaHC03 

NaBr 

Yeast extract 
distilled water 


194 grains 
16 grains 
2 4 grams 
1 graun 
5 grams 
0 . 2 grams 
0 . 5 grams 
5 grams 
up to 1 liter 


adjust pH to 7.3 

(add 15g agar for solid media) 
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Mars Pathfinder 

Analysis of Martian Samples by the Alpha Proton X-Ray 
Spectrometer: Preliminary Results 
Comparison with SNCs and the Earth 



^cr manganese (Mn) are probably too high and subject to revision after 


What is the composition of the lava? 



M 1.4 

1^1.0 


dbO 


im Sodhim 


Calcium Potasaium 


I 


2.0 4.6 06 
T4anhjm 

mMn 


plhar 

elements 


Chemical compoalilon of lavas aniptaci by Ha%vattan voleanoaa ami 
Uount 8t Htlana. Numbara era walght pareant osMa. 

CV wI M if ♦>03. 0> H| I WI >MW»y. 


The lava is basalt. Hawaiian basalts contain about 50% silica, 10% each of iron, magnesium, 
calcium, about 15% aluminum, 2% titanium and 2% sodium. 
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Bacterial Preservation in Ancient Salt Deposits 



Figure 1 Photomicrograph (lOOx oil immersion) of six bacteria-shaped particles in primaiA fluid 
inclusion from 97 kyr old salt in Badwater salt core (85 meter depth). 




Figure 2 Time sequence photomicrograph (40x) of rod-shaped particle that is moving with a fluid 
inclusion from a 9 kyr salt in Badwater salt core (8 meter depth). 



Figure 3 Malophilcs trapped within salt cr>'stal grown in laborator>' media Photomicrograph (40x) taken 
one week after crystal formed The halophiles are mobile and tend not to be fixed to crystal wall 


http;//geowcb.princeton.edu/research/geomicrobio/halite.html 


7/27/2002 
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Figure 4. Fluid inclusion in a 20-million-year-old salt crystal, in visible (left) and ultraviolet light. Fluorescence 
under ultraviolet is consistent with the presence of organic matter. But it is not conclusive evidence, nor does it 
provide information about the type of material — which might be the remains of entombed bacteria or, 
conceivably, the intact biopolymers of ancient but viable bacteria. The crystal is about 65 micrometers in length. 

(Image courtesy of W. D. Grant.) 



Figure 5. The vivid red brine (teaming with halophilic archaebacteria) of Owens Lake contrasts sharply 
with the gleaming white deposits of soda ash (sodium carbonate). The picturesque Inyo Range 

can be seen in the distance. 


I 





Figure 7. Halophile survival test using bell jars. 
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Figure 9. Searles Lake red salt crystals containing dormant halophiles. 
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A NOVEL METHOD FOR CUTTINGS REMOVAL FROM 
HOLES DURING PERCUSSIVE DRILLING ON MARS* 


Kris Zacnyl Michael Quayle, Mara McFadden, 
Adam Neugebauer, Kenji Huang and 
George Cooper (Faculty Advisor) 


University of California, Berkeley. 


Acquiring samples from the subsurface of Mars poses many challenges. The scientific 
return increases with the depth from which the samples are obtained, but so does the risk. 
Thus, it is important to develop a fully autonomous drilling platform that will be capable 
of accessing the required depth and retrieving cores for scientific analysis. The method of 
drilling most likely to succeed will be a conventional mechanical core drill, either rotary or 
percussive, with a mechanical system for removing the cuttings and rock core from the hole. 
Instead of fluid flushing systems for removing cuttings, which would be very difficult to 
provide and in addition may contaminate the sample, an auger system is the best solution 
for rotary drilling. However, no such solution has been identified for the percussive drilling 
method. To solve this problem, a novel means of conveying cuttings out of the hole during 
percussive drilling has been developed and is presented in this paper. It relies on the 
reciprocating action between a pair of surfaces covered with bristles. Experimental results 
show that there is an optimum ratio of particle diameter to bristle length that gives the 
highest speed of particle conveyance. This new method also stabilizes the hole so that the 
drill string may be removed to recover a rock core sample. 


1 Introduction 

Pictures of Mars seem to reveal telltale signs of the presence of liquid water m the past: ice 
caps dry riverbeds, and familiar erosion patterns. But where is the water now? The history of 
Mars’ water is of the highest concern because in all experience on Earth, where there is water, there 
is life. Consequently, the natural first step in answering the question of life on Mars is finding water 
on Mars, and prior to that, developing the technology and instrumentation to do so. In order to gam 
the information necessary to develop techniques for searching for water on Mars, NASA has launched 
a comprehensive information gathering effort. NASA’s series of Mariner and Viking missions has 
been returning pictures, atmospheric data and soil analysis since 1965. Currently the remote sensing 

•Invention Disclosure, UC Case No.:B02-109, ‘Method of Cutting Removal From Drilled Hole’ 
tContact person, Department of Civil and Environmental Engineering; email: kzacny@uclink.berkeley edu 
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missions, namely the Mars Global Surveyor and Mars Odyssey orbiters, are gathering photos and 
data while orbiting Mars. These photos indicate that if water is present on Mars, it is not visible 
on the surface. This, in addition to the inconclusive results of the Viking tests for life, suggests 
that if Martian water is going to be found, we are going to have to look below the surface. Thus 
in-situ sampling and analysis for water or bio-signatures must be the next step after remote sensing. 
Subsurface sampling methods have been explored in detail by numerous researchers including Blacic 
et al.^ from Los Alamos National Laboratory. His work has led to the realization that drilling is 
the most likely means of recovering samples. As technology advances, an automated drilling and 
sample return mission to Mars becomes possible, but still poses daunting problems. 


2 Problem Statement 


In general, planetary exploration missions aim to carry out in-situ analysis and possibly re- 
turn samples to Earth for more thorough examination. In particular, missions to Mars need such 
capabilities in the near future. Thus there is a strong interest in obtaining samples from below the 
surface. 

The extreme conditions on Mars’ surface and its great distance from Earth are the two largest 
obstacles to a drilling mission. Mars’ atmospheric pressure is only one percent of Earth's atmospheric 
pressure. This has severe consequences because most drilling processes utilize compressed air or 
liquid to flush holes of the particles, or cuttings, that have been drilled. On Mars, the power necessary 
to compress the atmosphere to a useful pressure is more than it is reasonably possible to provide. 
Fluid, on the other hand, can not be used because it would freeze or evaporate and may contaminate 
the sample. The second obstacle on Mars, its great distance from Earth, requires any lander to be 
mostly autonomous. When Mars is in conjunction with Earth, the one-way communication delay is 
approximately twenty minutes. This delay would make attempting to operate a lander by remote 
control a virtual impossibility. In the following pages a plan for a simple, autonomous and efficient 
solution to these drilling problems is outlined. Major emphasis is given to the novel method of 
cuttings removal, which was invented specifically for a Mars-like environment that prohibits flushing 
fluids or air. First we examine the common methods of rock excavation. 


3 Methods of Rock Excavation 


The rock excavation process consists of two stages which can occur either simultaneously or 
separately. The first stage is breaking the rock and the second stage is the extraction of cuttings from 
the hole. Failure to remove the cuttings in time results in their being pulverized into progressively 
finer particle sizes without extending the hole, making drilling very inefficient. Similarly, the drilling 
process should be engineered to produce the largest particle sizes that may be conveniently removed. 
This is because in general, the most efficient drilling process produces the coarsest particles. 


3.1 Mechanism of Rock Drilling 

Rock drilling devices remove rock by one of four basic mechanisms, as shown in Figure 1: 
melting and vaporization, thermal fracturing, mechanical breaking, and chemical reaction. 
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Thermal Fracturing 


Melting and Vaporization 


Force 



Mechanical Breakage 


i 



Figure 1; Basic methods of rock excavation. 


Drills that melt and vaporize the rock such as laser and electron beams can not be used because 
they produce a change in the properties of the material being drilled. This same reason prohibits the 
use of thermally fracturing drills, because they might produce localized melting. Finally, chemical 
drilling can not be considered because it utilizes highly reactive chemicals to dissolve the rock. 
In addition, rock heating drills that thermally fracture the rock, can not be used because they 
produce localized heating and in turn change the properties of the rock. This leaves mechanical 
drills that drill the rock by impact, abrasion or erosion as the only reasonable method of acquiring 
samples. These mechanisms induce tensile or shear stresses, which exceed the rock strength and 
produce plastic yielding or brittle fracture. However, some of the mechanical drills such as jet drills, 
explosive charges, and pellet impact drills are not suitable, because they would contaminate the 
samples. Thus the drilling equipment most likely to succeed would be a conventional rotary or 
percussive core drill, with diamond cutting elements or tungsten carbide inserts, and a mechanical 
system for removing the cuttings and rock core from the hole. 


3.1.1 Rotary Drilling 

The clear benefit of using rotary drilling is that cutting removal can be accomplished using an 
auger; however this method has several drawbacks. First, rotary drilling requires both significant 
weight to push the bit against the rock surface and torque to turn the bit® . Both the weight on bit 
and rotational speed of the drill need to be carefully designed for specific rocks. On Mars, where the 
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gra\ity is only forty percent as strong as Earth's, the problem of adequate weight on bit becomes 
even more serious. 

Drilling in Arctic’^' ® has uncovered a more subtle drawbacks of drilling in extreme environments. 
Arctic drilling provides surface data, showing how rotary drilling performs in frozen rock and soils, 
specifically noting that rocks tend to get stronger as temperature decreases® . However, no exper- 
iments have been conducted in near vacuums, low temperatures, and carbon dioxide atmospheres. 
These parameters are important because diamonds, which will probably be used on the drill bits, 
tend to turn into graphite at temperatures above 870 Kelvin in carbon dioxide atmosphere due to 
their reaction with the oxygen in carbon dioxide* . High temperatures like these can occur during 
dry cutting if the rotational speed or weight on the bit are large. 

Furthermore, although an auger, which can be used with rotaiy drilling, has been used for 
centuries, little is known about how various parameters affect the drilling and cuttings removal 
processes. Terrestrial experience with augers shows that close ‘hands-on’ control by the driller is 
often necessary to ensure success. Thus it is not certain how well an auger will work on Mars under 
automatic or remote control conditions. 


3.1.2 Percussive Drilling 

During percussive drilling, the drill bit vibrates up and down. Rotation, if it occurs, is not 
essential to the rock breaking process. The impact of the bit onto the rock performs the drilling. 
Considering the limitations of rotary drilling, percussive drilling has several benefits that may prove 
it to be the superior drilling mechanism for use on Mars. Percussive drilling does not require any 
rotation or weight on bit because it uses high frequency impacts to fracture the rock. In addition, 
the drill bit may not require sharpening, can be made to operate at cryogenic and high temperatmes, 
and can be used to probe unconsolidated formations like sand as well as very hard rocks like a basalt. 
Bar-Cohen et al.'* from JPL did extensive work with an ultrasonic drill, which very much resembles 
a percussive drill, and suggested that this form of drilling will be the most successful on Mars due 
its low power requirements. However, the major drawback with percussive drilling is that augers 
cannot be used for conveying cuttings from the hole bottom to the surface, unless the drilling device 
is made to rotate as well as reciprocate. 


3.2 Methods of Cuttings Removal 


Extracting cuttings from the hole is as important as breaking the rock itself. Failure to remove 
the newly crushed or cut rock results in them being pulverized into smaller particles. This makes 
drilling very inefficient. On Earth, liquid or gas is the most common method of cuttings removal. 
In addition to lifting the rock cuttings, the drilling fluid or gas also cools and lubricates the drilling 
bit; lack of lubrication would result in higher friction between the drill bit and the rock and thus 
larger heat production which can damage the drilling bit. 

However, cuttings removal on Mars poses several special problems. Among these are the very 
low temperature (down to -150 degrees Celsius) and low atmospheric pressure (approximately 6 
mbar). The low temperature precludes the use of liquids to remove cuttings from the hole as they 
might freeze. However, even if a drilling fluid was found with a very low freezing point, the use 
of it would be obviated by considerations of mass and sample contamination. Low pressure makes 
it unlikely that one will be able to use a gas flow for that purpose, since the energy requirement 
to compress a sufficient amount of the Martian atmosphere to blow the cuttings out of the hole is 
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prohibitive® . A closed cycle system could be developed to reuse the gas, but it should be ensured 
that the gas would not permeate the Martian rock. This could only be guaranteed if the rock was 
impermeable, and no such assumption should be made. A remaining possibility is to use mechanical 
means to lift the cuttings. Of the various methods that can be considered, Blacic et al.' of LANL 
have suggested that the auger may be the only candidate for rotary drilling. For percussive drilling 
liowevc’r, there is no obvious solution. 


4 Approach to the Cuttings Removal Problem 


The most effective ways to lift cuttings out of a hole include circulation of fluid or air. However, 
if for any reason air or fluid cannot be used, an auger can do the job provided the drilling motion is 
rotary. In dry percussive drilling, however, the motion is up and down and there is no mechanism to 
lift the cuttings out of the hole. For this reason we have developed a novel means for conveying the 
drilled cuttings of a rock or soil-like material, characterized by having two opposed surfaces covered 
by angled hairs or bristles. Both sets of bristles point approximately in the direction in which it is 
desired to convey the cuttings, usually upwards. The two sets of bristles are placed close enough to 
overlap or just barely touch, depending on the diameter of particles being transported. The process 
is illustrated in Figure 2. As well as cleaning the hole, the new method also stabilizes the hole so 
that a drill string may be removed to recover a core sample, and then placed back in the hole. Such 
a system should be successful on Mars as it requires minimal supervision. 



Take two plates 
with angled fibers 



Put them close 
together 



Put particles at 
the bottom 



Move one plate 
up and down 





Particles will fly* 
out on top 


Figure 2: New method of lifting cuttings out of a hole. 


The principle of the invention lies in the oscillatory motion of the two plates with angled bristles 
attached to them as indicated in the Figure 3. One plate can be stationary (but it doesn’t have to 
be) and other one moves up and down with a low amplitude and high frequency. If a particle is 
trapped in one of the plates, the bristles of the other plate will scoop it out and transfer it to the 
other plate. This process lifts the cuttings out of the drilled hole. 


4.1 Experimental Setup to test Cutting Removal Method 

In order to test this theory of cuttings removal, we conducted a series of trials with an ex- 
perimental apparatus simulating a casing and percussive core barrel. The experimental apparatus 
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Complete cycle of the 
rock particle 



Figure 3: Principle of transferring of cuttings between the plates with the bristles. 


Ski skin 

Description 

Length (mm) 

Purple 

Nylon plush laminated to cotton backing material 

4.1 

Blue Cow 

Nylon plush laminated to synthetic backing material 

4.3 

Black 

Mohair laminated to cotton backing material 

3.2 


Table 1: Length of bristles for given ski skins type 


consisted of three main parts: a motor, an offset linkage, and two plates covered with bristles (Figure 
4). The variable speed, electric motor was used to create a motion that simulates the vibrations 
of a percussion drill. The motor was connected to an offset linkage, which converted the rotation 
into a purely vertical movement of specified amplitude. The offset linkage was in turn connected to 
one of the bristled plates, while the other was held stationary. The two plates illustrated in Figure 
5 correspond to the oscillating coring bit and casing of the drill mechanism. For the initial data, 
both the speed of the motor and the placement of the offset linkage were held constant, yielding a 
constant frequency and amplitude of vibration in the plates. However, in further research the am- 
plitude could be varied. Rather than attempt to create plates of angled bristles, ski skins of various 
fiber types and lengths were used to cover the plates. The names of the ski skins together with the 
length of each fiber and type of the material is given in Table 1, Black Diamond Equipment, Ltd^ 
provided the ski skins, along with the data for the skins’ material composition and hair length. 


To gather the data, a standard procedure was followed for several fiber and cutting sample 
types. First, the apparatus was loaded with a small amount of simulated soil cuttings. The samples 
of river sand and glass beads of various diameters as shown in Table 2. The loading was done by 
laying one plate on its side and placing the cuttings below a specified start line. The second plate 
was then closed against the first, holding the sample in place, and the apparatus turned upright. At 
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Figure 4: Cad drawing of Experimental Setup. Figure 5: Photograph of Experimental Setup. 


Particle type 

Diameter (microns) 

River Sand 

< 75 

River Sand 

75-105 

River Sand 

75-105 

River Sand 

105-149 

River Sand 

149-177 

River Sand 

177-250 

River Sand 

250-295 

River Sand 

295-420 

River Sand 

420-590 

River Sand 

840-1190 

Glass Beads 

2000 


Table 2: Particles used in the experiments. 


a signal, the motor was turned on and a timing system started. When the first particle was ejected 
from the top of the plate, the time was marked. From this time and the known distance the particle 
had travelled, the velocity of each sample was determined; this was our independent variable. The 
velocity was then plotted against particle diameter for a constant fiber type, and a curve showing an 
optimal diameter-to-fiber length ratio was expected to be found. This procedure was perforrned for 
three different types of ski skin. For each set of variables a total of ten experiments was performed 
and the final results were averaged. 


4.2 Experimental Results 

We expected that the results of our experiment would show an optimum ratio between particle 
diameter and bristle length. Thus, we expect the graph of our results, velocity of particles vs. 
diameter of the particles, to take the form of a downward-pointing inverted curve shown in Figure 
6. Given the length of the bristles, if the particles are too large or too small, they would move up 
slowly or not at all. Our task then was to determine this optimum ratio between particle diameter 
and bristle length. By extrapolating the results we also intended to be able to determine the best 
bristle length to use when given the size of particles that will be generated during percussive drilling. 
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Figure 6: Anticipated shape of the curve. 


The results of our initial experiments met our expectations as they showed a definite correlation 
between particle velocity and bristle length, given a particle size. Raw data for the experiment, using 
three different bristle lengths and a multitude of particle sizes, are plotted in Figure 7. Plotted in 
Figure 8 are the same data normalized against bristle length. Note that data points corresponding 
to zero vertical velocity were obtained when no particles appeared on top after an extended period 
of time. 



Particle Diameter (microna) 


Figure 7: Cuttings removal results. 


The results show that the purple ski skin proved best at handling most sizes of particles, from 
small (90 microns), to large (1015 microns). However, the purple ski skin failed to convey the large 
2000-micron glass beads. The ‘Blue Cow’ ski skin transported all particles except 75, 90, and 2000 
microns, the extreme ends of the range. However, across the range, it always had slower speeds than 
the purple ski skin. The black ski skin worked well for particles between 295 and 2000 microns, but 
failed to convey any particles smaller than 295 microns. Thus, each ski skin seemed to perform best 
with different sizes of particles. This is what we expect given the different bristle length of each ski 
skin. However, after normalizing the diameter of the particles against the length of the bristles we 
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Figure 8: Cuttings removal results normalized against bristle length. 


expected the peaks of the three curves to coincide. By comparing graphs with the raw data (Figure 
7) and with the normalized particles diameter (Figure 8) it is clear that not only these peaks do not 
coincide but in fact they are shifted further away from each other. This leads to the conclusion that 
bristle length is not the only factor that needs to be considered. In order to explain these varying 
results we had to look at other physical characteristics of the ski skins such as areal density (number 
of bristles per unit area), angle between the bristle and the surfaces and material properties of the 
bristle, such as stiffness. 


4.3 Discussion of Results 

We believe that the angle between the bristles and the backing of the ski skin is the second most 
important factor after the bristle length. However, a close analysis of the results shows that this 
angle can also be influenced by the areal density and stiffness of the bristles. Thus when analyzing 
the effects of the angle, the stiffness and areal density of the bristles should also be taken into 
account. 

If the bristles are very stiff, the angle with the vertical is maintained, whereas if they are very 
flexible the angle can be much larger as the bristles deflect under load. The amount of deflection 
could be due to two factors. Firstly, heavier particles would cause larger deflection than lighter 
particles. The second factor is the density of the bristles per unit area. If the density is too large, 
the bristles will tend to rub against each other and get stuck between each other. If this happens, 
bristles which are on the plate that momentarily moves down, can pull and deflect the bristles on 
the opposite plate down with them. 

According to Black Diamond, the supplier of the ski skins, the skins are manufactured identi- 
cally until the lamination process colors and coats the individual bristles on the skin. This lamination 
process definitely alters the stiffness of the bristles as well as their thickness. The larger thickness of 
the bristles in turn will alter the angle the bristles make with the vertical. We can assume that the 
initial density of bristles per given area before lamination and coloring was the same. Yet, because 
of the difference in thickness of the bristles, the resultant density of the bristles on different ski 
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skins could vary. We were only able to measure the lengths of the individual bristles, but could 
not determine the exact angles, stiffens and density of the bristles on the ski skins. However, we 
managed to evaluate the stiffness of each skin qualitatively. The black ski skin was found to be the 
stiffest of all, while the purple ski skin was the least stiff. The ‘Blue Cow’ ski skin was moderately 
stiff. 


In ideal conditions, to determine the effect of ski skins length we could obtain ski skins that 
would only differ in bristles length, and all remaining factors like density, stiffness and angle of 
bristles would remain the same. Similarly, we could evaluate the effect of the bristles density, by 
keeping bristles length, stiffness and angle the same and varying only bristles density. 

In addition, two experimental parameters need to be considered. The first parameter is the 
amplitude of vibrations, which together with bristle stiffness and areal density can alter the angle of 
the bristles. If the amplitude is larger than two bristle lengths and the frictional forces are large, the 
bristles can deflect 180 degrees until they are pointing down. Thus, by changing the amplitude we 
can alter the angle bristles make with vertical to the one that is desired. The second experimental 
parameter is the distance between the two plates. If the angle of the bristles is small and the 
distance between the plates is large, only large particles will be conveyed, while small ones will 
be stuck between the plate and the root of the bristles. If the distance is decreased or the angle 
increased, then these small particles could be scooped out and conveyed upwards as indicated in 
Figure 9. 



If particles are too 
small to be scooped 
out 


Solution can be to 
increase bristle angle 


Or move the two 
surfaces closer to 
each other 


Figure 9: Effect of distance between the two surfaces covered with bristles. 


Thus, we cannot assess with great accuracy the effect that bristle’s angle, areal density or 
stiffness had on the performance on each ski skin. However, it is quite clear that these parameters 
together with the operational parameters like distance between the bristles and amplitude of vibra- 
tions affect the performance of the ski skins as w^ell. Thus the main result is that bristle length can be 
viewed as the primary parameter affecting performance of the ski skins while secondary parameters 
are areal density, angle and stiffness of bristles. 
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Figure 10: In-situ drill set up including casing. 


5 Complete Percussive Drill Setup 


Although the heart of our design is the novel way of conveying cuttings out of the hole, we 
decided to design a complete drilling apparatus. This set up includes a coring bit for crushing the 
rock, and a casing that aids in cuttings removal and stabilizing the hole. The bristles are placed on 
the inner side of the casing and the outer side of the drill or core barrel as indicated in Figure 10. 
The top of the core barrel/drill is open allowing the cuttings to fall inside and accumulate on top of 
the angled plate. Once the core barrel/drill is pulled out of the hole, cuttings will slide out into the 
surface container by gravity. 

If a drilling setup is different from the one we described in this paper and it happens that the 
drilling string is continuous, each section of the drill string can have such a chamber. Thus if the 
lower one fills up, cuttings will be automatically transferred to the next level. It is also possible for 
the cuttings to be lifted all the way to the surface and entirely out of the hole. 

The coring bit and casing are more closely described in the following sections. 


118 LPI Contribution No. n 52 


5.1 Coring Bit 

The coring bit consists of three main chambers and a tether cord, as illustrated in Figure 
11. The purpose of the very top chamber is to collect fine cuttings that are conveyed from the 
hole bottom. The floor is slanted to aid in cuttings removal. Upon lifting the coring bit to the 
surface, the cuttings would slide out due to gravity into a bucket. These cuttings w^ould be further 
conveyed into a pulverizer and examined by different instruments. The middle chamber houses the 
vibration inducing apparatus. This apparatus is part of a closed loop system where the frequency 
and amplitude are closely monitored and adjusted if necessary. The bottom chamber houses the 
rock core. Once the rock core fills up the chamber, its top surface would push against a latching 
system connected to the bottom of the coring bit, separating the core at the bottom and securing it 
so it does not slide out. The coring bit would have its outer wail covered with bristles. This would 
form a second surface required for convening of cuttings out of the hole. The tether from which 
the coring bit would be suspended consists of a power cord that would provide electricity to the 
vibrating apparatus, a signal cord for control signals (this would be a part of closed loop feedback 
system), and a tensile cord for pulling the core drill out of the hole. 


5.2 Casing 

The casing, illustrated in Figure 12, serves three purposes. The first purpose is to aid in cuttings 
removal by having the inner surface covered with bristles. The second purpose is hole stabilization 
which is especially important when the coring bit is lifted out of the hole. The third purpose is to 
keep the coring bit vertically aligned and in turn keep the hole vertical. This would be required only 
initially, as once the core drill starts cutting the rock, the drilled rock core inside the core drill would 
keep the drill vertical. Sometimes, however, the rock core that is supposed to keep the drill vertical 
might shear. Then the casing would be employed once again to guide the coring bit vertically. As 
an added benefit, the casing can have small slots cut out in its surface at different places. These 
slots can be very useful if at the end of coring process, a hole is to be used for in hole measurements. 
Many instruments can be lowered into such holes and in-situ measurements of the rock strata can 
be obtained. 


6 Conclusions 


A novel means for conveying the drilled cuttings during percussive drilling, characterized by 
having two opposed surfaces covered by angled hairs or bristles is described. Both sets of bristles 
point in the direction in which it is desired to convey the cuttings. As well as cleaning the hole, the 
new method also stabilizes the hole so that a drill string may be removed to recover a core sample, 
and then placed back in the hole. This method of cuttings removal was developed for drilling on 
Mars where conditions preclude the use of air or a flushing fluid for this purpose. The paper also 
describes a complete percussive drilling set up that could be used in the sample retrieval mission on 
Mars. 

Experimental data showed that there is a relationship between particle size and bristle length for 
optimum cuttings removal. For different sets of surfaces we found an optimum diameter of particles 
that resulted in the fastest rate of particle removal. This optimum ratio differed between different 
types of surfaces pointing to the fact that length of bristle is not the sole factor that determines the 
rate of particles removal. Other parameters such as areal density of bristles, stiffness of bristles and 
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Figure 11: Percussive Coring Bit 



Figure 12: Casing. 


the angle that the bristles make with the vertical must also be considered. 

The operational parameters of the percussive drill, namely the distance between the two sur- 
faces covered with bristles and the amplitude of the percussive drilling action can also alter the 
performance of the drilling system. 

The problem with heat build up due to lack of circulating drilling liquid or gas can be overcome 
by stopping the drill periodically to let it cool. 


7 Future Studies 


We plan to improve and expand upon our research in two primary areas: first, by refining 
our data collection methods, and second, by broadening our data analysis. To complete our first 
goal of refining our data, we plan to normalize the velocity measurement by precisely measuring 
the frequency of the plate, and accurately gauge the particle speed by analyzing a digital video of 
each trial. The frequency of the plate can be easily measured by shining a laser just above the top 
of the oscillating plate, and placing a photo sensor behind it. The signal of the photo sensor can 
then be converted into the frequency of the plate. Digital video will yield a more precise measure 
of velocity because each trial can be viewed at a greatly reduced speed, and compared to the time 
between each digital frame. This will eliminate the inevitable human error involved in timing. For 
our second goal, broadening the data analysis, the parameters identified as the most prominent, i.e. 
angle, density, and stiffness of bristles can be measured precisely along with bristle length. This will 
allow us to determine which of the above parameters might be optimized for maximum performance. 
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and will yield a more thorough analysis of the data recorded. 

In addition to improving our experimental methods, the plans for the future of this research 
include new applications for this idea. Any field that requires the transportation, primarily lifting, 
of fine particles could benefit from this new method. For example, the agricultural industry often 
moves large amounts of grain from silos. Using this method, a closed tube of concentric cylinders 
could convey the particles with no losses to the environment, and take up considerably less space. 
We are continuing to develop further ideas for applications and modifications to tliis simple and 
efficient conveyance system. 


8 Outreach 


The Mars Drilling Group has participated in various ways to reach out to the community. Prior 
to becoming a specialized entity at Berkeley, the Mars Drilling group was part of a broader research 
class named Mars 2012. Every year the class adds its own unique flair to Cal Day, a celebration of 
UC Berkeley’s vast and varying extracurricular activities. We created interactive presentations to 
give visitors to Berkeley a hands-on experience of our research (Figure 13). In 2001 the class took 
home the 'Most Interesting Display Award’ from the facilitators of Cal Day. 

To reach out to the community beyond Berkeley, the Mars Drilling group participated in a 
science fair organized by Oakley Junior High School in Oakley, California. The fair was an exciting 
effort to combine the imagination of local students of all grades with the experience of area businesses 
and colleges. At the fair we showcased our research activities and presented interesting facts about 
Mars, explaining and demonstrating research items to adults and children alike. We also were able 
to volunteer as judges for the projects of local students. 

We have also reached out to the greater scientific community for their feedback and experience. 
We held videoconferences (Figure 14) with both Johnson Space Center and NASA Ames Research 
Center, w'here we presented our projects to NASA scientists for input and review. These links 
between current and future scientists have provided a wealth of knowledge and experience not 
available from research alone. 

Presently, our group aims to involve local high school students in our research. In an effort 
to give them a taste of things to come, we plan to have a few interested students from Berkeley 
High School come to our lab to learn and participate in our research activities. So far, we have 
one enthusiastic student that comes for every meeting, but we anticipate more soon. Who said that 
beginnings are easy? 


9 Acknowledgements 

We would like to extend our thanks to Professor Frank Morrison for his financial assistance and 
Mr. Liang Yu for the drilling animation. Last but not least, we would like to extend our gratitude 
to the Black Diamond Equipment Company for supplying ski skins. 


I 



2002 RASC-AL Forum 121 




Figure 13: Outreach during Cal Day Figure 14; Videoconference with NASA scientists. 
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Abstract 

In the hopes of paving the way for a permanently inhabited moon base, a six-mission program was 
designed, with missions being flown yearly from 20 1 3 to 20 1 8. Each mission will consist of a “habitat module” 
and an “ascent/descent module.” These modules will be launched on a Delta IV rocket and a Space Shuttle, and will 
then connect with booster stages in LEO before finally reaching the moon. Throughout each mission, four crew 
members will explore the lunar surface in detail, conducting various scientiflc experiments over their 90-day stay, 
with the goal of expanding knowledge of the lunar environment. Missions will explore both the near and far sides of 
the moon, with conununication satellites providing a link to far side missions. 

Introduction 

In the early 1900s, Antarctica was a vast and virtually unexplored region of the world. Sir Ernest 
Shackleton decided that he would be the first person to cross the barren continent, and so in 1914, he set sail on the 
ship Endurance. During his voyage, however, his ship became trapped in ice and was destroyed. Shackleton and his 
crew miraculously survived the long winter night on Elephant Island and a perilous open boat crossing of the 
Antarctic Ocean. Though Shackleton did not succeed in his endeavor, his brave voyage paved the way for future 
explorations of the continent. 

His story is the basis for Project Endurance. Just as Shackleton’s voyage opened the door for future 
Antarctic explorers, so did the Apollo program open the door for the detailed lunar exploration of Project 
Endurance. This series of six missions will pick up where the Apollo program left off, 40 years later, and hopefully 
lead the way for the first permanently inhabited moon base. 

Site Selection 

The six sites chosen were selected to provide the greatest scientific and exploratory return. Each site 
needed to have a 500-meter-wide portion of terrain, with slopes of less than 15 degrees, to allow for safe landing. 
Geological features, mineral concentration, the possibility of studying the formation of the moon, unique terrain, and 
possible ice deposits were some of the criteria considered in the site selection process. All sites also had to be 
within certain bounds in order to maintain constant communication with Earth. The sites chosen are as follows: 
Copernicus Crater (2013), Tycho Crater (2014), Korolev Crater (2015), Aitken Basin (2016), Apollo Crater (2017) 
and Mare Imbrium (2018). 

Mission Architecture 

Each mission will consist of a habitat module with seven boosters and an ascent/descent (A/D) module with 
four boosters. The A/D module will leave a trans-Earth injection (TEI) stage with a heat shield in low lunar orbit 
(LLO) when it descends to the Moon. Throughout the 90-day mission, the crew will live and work in the habitat 
module. They will use lunar rovers to travel and collect samples. At the end of the 90 days, the crew will ascend in 
the A/D vehicle to dock with the TEI in LLO, leaving the habitat module, lunar rovers, and descent stage on the 
lunar surface, and will then return to Earth. 


I 
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Trajectories 

The approximate AV’s for the mission are summarized in the following table: 


Path 

AV (m/s) 

LEO to LS 

6247 

LS to ES 

2890 

LEO to LLO 

3844 

LLO to ES 

837 

LLO to LS 

2706 

LS to LLO 

2334 


LEO: Low Earth Orbit, LLO; Low Lunar Orbit, 
LS: Lunar Surface, ES: Earth Surface 


The chosen transfer method from low earth orbit to lunar orbit is a one-tangent bum with a transfer time of 
approximately 3.46 days. This method was chosen because it provides a relatively short transfer time at a small AV 
cost. 


Attitude Control 

The habitat module, ascent stage, and TEl stage each have 16 attitude control thrusters for all-axis 
rotational control. Each booster stage will also have at least 16 thrusters. The first 3 boosters launched into LEO, 
however, will contain 32 thrusters, in order to provide extra maneuvering ability to compensate for their prolonged 
exposure to atmospheric drag. 


Boost Sequence & Staging 



7 booster sta^s 
delivered to LEO 
by 7 Delta-IV 
Heavy Haunches 


Ascent/Descent 
(A/D) Module 
Delivered to LEO by 
I Space Shuttle 


1 Habitat Module 
Delivered to LEO by 
I Dclla-rv Heavy 



124 LPl Contribution No. 1152 


Habitat Module Trajectory 



Ascent/Descent Module Trajectory 
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Payloads & Landed Masses 

A breakdown of the total mass by vehicle component is shown in the following figures: 
(all masses in kg) 



Payload 

Inert 

Propellant 

Residual 

Total 

Booster Stage 
Habitat Module 

- 

2300 

20700 

0 

23000 

16000 

2300 

2617 

2083 

23000 

Ascent/Descent Module 
TEI Stage 
Ascent Stage 
Descent Stage 
Total 


_ 

1000 

2386 

2614 

6000 

3000 ^ 

868 

4168 ^ 

648 

8684 

_ 

2300 

9305 

710 

12315 

3000 

4168 

15859 

3972 

26999 
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Abort Scenarios 

The TEI stage has been designed with a good deal of residual propellant, so that in the worst-case scenario, 
where its orbit has rotated 180° from the landing site, it can perform the needed inclination-changing bum. Once re- 
aligned with the landing site, the ascent module can rejoin it and return to earth. 

Attitude Control 

There are four main types of disturbance torques: gravity gradient, solar radiation, magnetic field, and 
aerodynamic. While each booster stage waits in orbit for docking with the other stages and the habitat or 
ascent/descent module, the relative weakness of solar radiation makes its presence almost negligible. As the 
spacecrafts leave low earth orbit, the solar radiation torque becomes more prominent since the other three are 
dependent upon orbital altitude (aerodynamic torque and magnetic torque disappear the quickest). 

In order to maintain the proper attitude while in low earth orbit (it is important to avoid exposing a large 
cross-section to drag and losing too much altitude before rendezvous), extra attitude thrusters are required. This 
depends on how long each booster stage remains in orbit. The attitudes of some boosters may be intentionally 
changed to a non-optimal configuration in order to meet up with boosters that have a slightly lower orbit. 

The habitat module will be landing first and requires a radar system to avoid any obstacles larger than one 
meter. This is a derived requirement from another; that the spacecraft be able to land on a 15 degree slope with a 
1-meter obstacle. Since they are not designed to handle anything greater fiom a stmctural point of view, a collision 
avoidance system is necessary to ensure crew safety. 

Once the ascent/descent module is within 15 miles of the habitat module, the states of both will have to be 
known very accurately by the ascent/descent module’s onboard navigation system. In order to obtain the proper 
degree of accuracy, rendezvous radar measurements (range and range rate) will be taken from an altitude of 1 5 
miles, until the crew can spot the habitat module. The attitude control engine chosen for all these applications is the 
DMT-600. 

Docking Operations 

The docking procedure will be fully automatic, and will closely resemble the current Kurs system. 
Automatic docking allows for greater flexibility in the launch windows of the boost st^es, which is necessary as the 
period between Delta IV flights is restricted. The general operations for the docking procedure are outlined in the 
following table: 


Time Before Docking (mins) 

Operation 

440 

Radio rendezvous systems are activated on approaching 
vehicle 

425 

Transponder on target vehicle is activated 


Distance closed to approx. 2.5 km 

240 

Distance closed to approx. 0.6 km 

200 

“Flyaround,” the alignment process between the two 
docking ring antennas, begins 

120 

Flyaround complete, distance closed to 0.2 km 

10 

Probe deployed on approaching vehicle 

0 

Docking complete 


Note that while this setup is similar to the Kurs system, it takes place over four times as long of a period. 
This is done to reduce the magnitudes of the relative velocities over final approach, which results in smaller docking 
loads than Kurs. 

Landing Legs 

The landing system is one of the most critical systems for each vehicle. In order to reduce the forces on the 
craft at landing, aluminum honeycomb shock absorbers will be used. The shock absorbers chosen are the Alcore 
Spiral-Grid with a crush strength of 9000 psi. Normally, the force on each leg at landing would be so high that the 
legs would have to be several hundred kilograms in order to avoid yielding. However, by placing a long section (~2 
m) of Spiral-Grid in the load-bearing portion of the legs, the stress in that part is kept to only 9000 psi. The actual 
forces exerted on the legs, their corresponding accelerations, and several other values are summarized below. 
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Property 

Habitat Module | 

Descent Module 

Value 

Units 

Value 

Units 

Tread 

7.0 

m 

7.0 

m 

Maximum Crush Length 

1.469 

m 

1.304 

m 

Total honeycomb Length 

2.099 

m 

1.863 

m 

Lower Leg Length 

1.469 

m 

1.304 

m 

Spiral-Grid Crush Stress 

62.1 

Mpa 

62.1 

Mpa 

Spiral-Grid Density 

812.5 

kg/m*3 

812.5 

kg/m^'O 

Sprial Grid Cross Section 

0.001264 

m^2 

0.001086 

m'^2 

Total Mass of One Leg 

17.92 

kg 

14.69 

kg 

Mass of All Four Legs 

71.68 

kg 

58.76 

kg 

Worst Case Force 

313700 

N 

269700 

N 


Habitat Module Structure 

The habitat module consists of a two-level pressurized living area, a power systems level, a cryogenic 
storage level, landing legs, and a 240-kN descent engine. 

The habitat will experience launch accelerations of 4.5g vertically, with side loadings of 1 ,5g. Including 

dynamic loads such as vibration and staging shocks, die payload can experience combined loads of up to ± 3 g 
laterally, and from -2 to +6g vertically. The pressure hull will only su^xirt its own nnass during launch, so pressure 
loads the critical stress. The worst-case loading situation would occur if die hull failed to depressurize as it 
ascended through the atmosphere after liftoff. 

To prevent the pressure hull from buckling, ribs and stringers will be used to support the forces caused by 
the l aunch accelerations. The worst-case loading that may occur would be the combined load of +6 g acceleration 
axially and +2 g acceleration laterally. The stringers have an I-beam cross-section, with overall dimensions of 8 cm 
by 8 cm, and web and flange thickness of 3.5 mm. 




Load Condition 

FOS 

Margin 

Pressure Hull - walls 

126.3 

Internal pressure 

3.0 

+0.10 

- bulkhead 

86.7 

Internal pressure 

3.0 

+0.59 

Stringers 

79.3x10^ ^ 

Launch loads 

2.0 

+0.29 


AscentflDescent Module Structures 

The ascent/descent module consists of three separate modules joined togedier; they are the crew transport 
module, the ascent module, and the descent module. 



Cmr Trmport 
Module 



AjocoAModi^ DeeceotModde 


A/DModMe 



The specifications for the crew transport module are as follows; a 2-mm-thick, 2-meter-high cylindrical 
tube with a radius of 2 meters is attached to a 2-mm-thick hemispheric shell with a height of 0.5 meters and a 
curvature radius of 4.25 meters. Inside the pressure shell will be a structural cage that will support and distribute 
loads throughout the shell. The cage’s structural members work by acting as stiffeners, and increasing the moment 
of inertia at different locations. The structural cage will also be used to attach life support and other vital equipment 
to the transport module. The descent module is the second structure of the A/D module. Its purpose is to land the 
A/D module after it enters lunar orbit. 
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To allow for a controlled landing, the descent engine must be able to throttle and rotate. This requires a 
thrust structure designed to hold and transfer its loads onto the ascent docking module and the transport module. 
The thrust structure must be designed not just to handle vertical loads, but also angular loads. 

The ascent module is a structure whose purpose is to launch the crew back into orbit to meet with the 
orbiting TEI stage. It carries a smaller engine along with its fuel, and will separate via pyrotechnics. After 
separation, the ascent module’s engine will ignite, sending the module back into lunar oitit. The ascent module’s 
thrust structure is similar to the descent module’s, but is smaller because it holds a smaller engine, and is only 
designed to transmit vertical loads. 


Structures 

Loads Source 

Safety factor 

Margin of Safety 

Pressure Shell 

Atmosphere 

3.0 

.3 

Cage + Shell 


2.0 

.1 

Floors 

Equipment/Crew/Landing 


.16 and .2 

Thrust structures 

Launch 


.2 

Landing legs 

Landing 

2 

1.08 


Air Revitalization 

Atmosphere must be generated or supplied on the lunar surface. This makes atmosphere generation and 
revitalization a necessity. Through water electrolysis, hydrogen and oxygen can be recovered through dissociation 
of water molecules. Point-eight-four kilograms of oxygen per person per day, along with stored nitrogen, can be 
vented into a pressure vessel, similar to filling a balloon. One kilogram of carbon dioxide per person per day can be 
removed from the atmosphere, before displacing vital oxygen, through regenerative carbon dioxide removal 
systems. An earth-like atmosphere can be maintained for maximum comfort. 

Using the ideal gas equation, PV=nRT, one can calculate the critical elements inside the pressure vessel. 

By maintaining 57.6 kg O2 at 32 kPa and 70.2 kg N2 at 30 kPa, a stable, habitable, and ultimately viable atmosphere 
is achieved. This is agreeable for EVAs, fire containment, and overall mission fluidity. 

Food 

Nutritional standards will be met by using the foods available to Apollo astronauts, including: beverages, 
breakfast items, cubes and candy, desserts, salads and soups, sandwich spreads and bread, and meats. The crew will 
maintain a healthy and balanced diet that is pre-selected prior to mission launch. 

Each crewmember receives up to 1.8 kg of dehydrated food per day. Rehydration is accomplished through 
a water dispenser that pierces the rubber septum on the food bag or, '‘spoonbowl,” and inserts the desired amount of 
water for rehydration. Available are two meals per person per day with 24-hour access to nutritionally-selected 
snacks and candies. There is enough food to support 99 days of lunar exploration for a four-person crew, dius 
meeting the mission requirements. 

Watar Reclamation 

The water reclamation subsystem consists of three main components: storage tanks, water use items, and a 
filtration subsystem. Water is used for drinking, food preparation and hygiene. The first table below summarizes 
water uses. The main compcments of the filtration subsystem are a vapor-phased catalytic ammonia removal 
(VPCAR) distiller and a multifiltration bed. The VPCAR system is redundant, and a reverse osmosis filter acts as a 
backup to the VPCAR system. Before the cleaned water flows into the potable water storage tank, a quality control 
station for contaminants checks the water. The second table below shows the entire system mass and power 
breakdown. 
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Input 

kg 

Water in food 

0.23 

Food Prep Water 

1.68 

Drink 

1.62 

Metabolized Water 

0.35 

Hand/Face wash water 

4.09 

Shower Water 

2.73 

Urinal Flush 

0.50 

Clothes Wa^ Water 

4.18 

Dish Wash Water 

0.00 

Water needed per person/day 

15.30 


System Summary 


Water Savings Per Person 

15 

kg per person, per day 


Total Water Use 

498 

kg per day 


Equipment Mass 

340 

kg for entire mission 


Power Use 

1.3 

kW Continuous 


System Mass 

837 

kg total 






IWater Usage 





40 

72 

0.523 

Sink (3) 

48 

0 

0.432 

Shower (1) 

22 

0 

1.52 

Hot Water Heater 

20 

522 ^ 

0.05 

Washer / Dryer 

91 

1400 

0.33 

Plumbing 

100 

0 

0.005 


A/D Crew Systems 

The A/D module crew systems are 100% re-supplyable. The A/D module carries enough atmosphere and 
water for four astronauts to survive twelve days, three to the moon, three to earth, and six emergency. Its cabin is 
pressurized at 62 kPa with the exact same partial pressures as the crew habitat module. Carbon dioxide is scrubbed 
using non-regenerative four-bed molecular sieves. Water available constitutes water used in drinking, hygiene, and 
urine flushing. 

There is no airlock, only a hatch. The atmosphere is completely vented during EVA from the A/D module, 
and must be resupplied. The module carries enough atmosphere to depressurize and re-pressurize three times (once 
upon landing and two emergency, in-flight depressurizations). The g-couches are stored on the ceiling and a safe 
distance from the radioactive DIPS power system onboard. 

Radiation Remediation 

For long-term interplanetary missions, the dangers of radiation exposure become a major limiting factor. 
Adequate amounts of shielding are needed to prevent harmful doses accumulated over the course of the mission and 
large short-term doses in the event of solar flares. For each mission, each astronaut will be subjected to a maximum 
radiatimi dose of 50 rem. To keep the dosage at this level, shielding must be present during all phases of the 
mission. 

Shielding on the ascent/descent module provides protection while passing through the Van Allen radiation 
belts during transit to and from the moon. A total of 10 % of the entire mission radiation dose is accumulated during 
transit. Once on the surface of the moon, the astronauts spend their time in one of three places: crew habitat 
module, sleeping/storm shelter area, and on EVA. Combined, 30 % of the entire mission radiation dose is incurred 
during the lunar surface stay. The remaining 60 % is reserved in the event of two large solar flares in which each 
astronaut is exposed to a 15 rem short-term dose per flare in the polyethylene storm shelter. 
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Fire Protection 

Fire detection and suppression systems are in place on both the ascent/descent module and habitat module. 
The systems are comprised of smoke detectors, visual and audible alarms, portable breathing apparatus, portable fire 
extinguishers, and suppression ports located throughout the modules. Each system has a 99.9 % probability of 
working in the event of a fire. 

Medical Supplies 

The habitat module is equipped with an extensive medical supply. The inventory consists of diagnostic and 
laboratory equipment as well as therapeutic and resuscitative medications and equipment. The two main kits in the 
medical supply are the Medications and Bandage Kit (MBK) and the Emergency Medical Kit (EMK). The MBK 
consists of oral medications, bandaging materials for minor abrasions, and topical medications. The EMK consists 
of intravenous medications, diagnostic items, and instruments to perform minor surgery. Medical supplies in the 
ascent/descent module are scaled-down versions of those aboard the habitat module and are designed to provide 
adequate treatment until reaching the habitat module or returning to earth. 

Data Management 

The computer systems in the habitat will be required to run many, if not all, of the habitat’s life critical 
systems. These systems will include all equipment that is essential to keeping the crew of the mission intact and 
fully functioning. They will also include the systems that can help the crew to successfully leave the habitat and 
arrive back to Earth or any space station for rescue. These life-critical systems also pertain to all sensors inside and 
outside the habitat such as air, temperature, pressure, human biological, radiation, and conununication sensors. 

Along with the main compute system, each crew member will have a hq>top for their individual use on 
research experiments they are conducting. These laptop systems can be connected to the main computer system 
through Ethernet connections, allowing the crew members to have access to data being acquired by the main 
computer system. 

Sensor Systems 

Sensor systems are located throughout the habitat and A/D module inside and out. Sensors are used for 
signifying the tolerable and intolerable levels of the system being monitored. Each system is being monitored to 
make sure that it is operating at a nominal, safe level, or a level that is suitable to the crewmembers. These systems 
monitor the critical systems for the mission and are composed of primary and secondary systems, which are key 
elements to crew safety and mission success. These systems include pressure, temperature, oxygen level, water 
reclamation, radiation, audio and video communication, controls, navigation, and guidance. 

Thermal Control Systems 

The two most important requirements of the thermal control system will be to minimize the heat flow out 
of the habitat module and to dissipate the excess heat generated by the humans and electronics onboard. This 
electronics indude the computer, laptops, and the crew systems equipment. In minimizing this heat flow, this 
thermal control system must account for a number of external heat sources, including solar heat and the albedo 
effect and infrared heat from the Moon’s surface. Also, this thermal control system will be designed to protect the 
habitat module from micrometeoroid debris. 

Project Endurance will utilize multilayer insulation as its only form of a passive thermal control system. 
Multilayer insulation is a type of high-performance insulator, which uses multiple radiation heat transfer barriers to 
retard the flow of energy. After consideration of many different types of outer layers, a beta cloth was chosen to be 
draped around the outside of the entire structure of the habitat module. On the inside of the structure, next to the 
pressure vessels, vrill be placed 20 alternating layers of reflector and separator layers. The materials chosen for 
these layers are goldized Kapton and Dacron netting, respectively. 

An active thermal control system (ATCS) is used in addition to a PTCS when the latter is inadequate, as is 
the case in manned missions. In addition to blocking out the damaging effects from the outside, a system is also 
needed to maintain a comfortable temperature level within the modules, in order for the crew and all of the electrical 
equipment to function properly. For Reject Endurance, the inside cabin of the habitat module will be maintained at 
a temperature range of 1 6 - 24 °C (60 - 75 °F). The total amount of heat generated, by the astronauts, water 
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reclamation system, oxygen generation assembly, computer and laptops is 4060 watts. In order to dissipate all this 
heat that is generated, multiple components, which are outlined below, must be utilized. 

Cooling plates will be mounted on the water reclamation system, the oxygen generation assembly and the 
computers. There will be a total of 12 cooling plates used around the habitat module, and will be placed as follows; 

• 4 - 1 on each of the computers 

• 3 on the water reclamation system 

• 4 on the oxygen generation assembly 

• 1 utilized for the air cooling system 

In order to dissipate the rest of the heat, generated by the humans and the laptops a duct will be placed on 
the floor of the bottom level, and will contain a cooling plate. Air will be directed over this cooling plate, and will 
then be transferred to the top of the habitat module. 

The types of pumped loop systems utilized by Project Endurance are water and ammonia coolant lot^s. 

The water loop uses cold water that is pumped through pipes located in the walls of the module. These loops will 
surround the crew cabin, and run through the cooling plates, including the one used for the air-cooling system. This 
loop will then transport the heat to an ammonia loc^ at a heat exchanger. Heat exchangers are used to transfer 
thermal energy between two or more fluids at different temperatures. Only one heat exchanger will be needed for 
the entire habitat module. 

Radiators are heat-dissipating equipment that will be located on the outer surface of the habitat module. 

The size of the radiators will depend on both the heat loads that are to be expelled, and the temperature that is to be 
maintained inside the module. A thermal balance analysis was used to determine that the total surface area needed 
for the radiators is 7.95 m^. 

Should emergency cooling be required in the habitat module, the pumped-looped systems and the air- 
cooling system will simply operate at a faster rate. On the other hand, should emergency heating be required in the 
habitat module, the entire cooling system will be turned off 

The thermal system requirements for the Ascent / Descent Module are the same as those for the habitat 
module. Such a system should be capable of essentially maintaining the temperature within the module at a range 
where everything will function properly. Since the total surface area of this module is smaller, less multilayer 
insulation will be required. Also, since the total amount of heat generated is only 600 watts, the ascent / descent 
module will only require 2 cooling plates to fulfill the thermal requirements: 1 will be placed on the main computer, 
and 1 wfll be utilized fw the w-coeding system. Due to tius lowered amoimt of heat that needs to be disapated, the 
radiators will only need to be 3.01 ml The emergency system will function the same as it does in the habitat 
module. 

Communications 

The communications requirement states that the surface spacecraft must be capable of continuously 
transmitting four channels of compressed high-definition television both to and from Earth. For four channels of 
HDTV, 1 80 Mbps of bandwidth will be needed. This large bandwidth drives the design of most of the 
communications system. 

Communicating with missions on the near side of the moon is a relatively simple task. 

Since the moon is tidally locked to the Earth, a constant line of sight is always available. All communications with 
Earth will take place over NASA’s Deep Space Network. A number of 34-m antennas located around the globe will 
provide constant communication with the two Endurance spacecraft. The table below gives the important 
parameters for various commimication links with near side missions. 



The missions to the far side of the moon present an interesting problem for communications. Since a direct 
line of sight to Earth is never available, the signals from the surface of the moon must he relayed somehow. It was 
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determined that the best solution to this problem is to place two satellites in a halo orbit about the Earth-Mora L2 
point, a feat never before attempted. 

These satellites would have two antennas, a large one pointing at Earth, and a smaller one pointing at the 
moon. Though they provide great access to the far side, the size of their orbit did cimstrain the location of certain 
landing sites. A mission to Mare Orientale was eliminated because the site was in not in view of the satellites at all 
times. The table below gives the important parameters for links with the far side of the moon. 


Link 

Data Rate 

Dish Diameter 

Frequency Band 

A/D Module to Earth 

90 Mbps 

0.5 m 

Ku (14/12 GHz) 

A/D Module to Satellite 

90 Mbps 

0.5 m 

Ku (14/12 GHz) 

Satellite to Earth 

1 80 Mbps 

1.0 m 

Ku (14/12 GHz) 

Habitat Module to Satellite 

1 80 Mbps 

1.0 m 

Ku (14/12 GHz) 

Rover to Habitat Module 

45 Mbps 

0.5 m 

S (4/2 GHz) 

Rover to Satellite 

45 Mbps 

0.5 tn 

S (4/2 GHz) 

Suit to Habitat Module 

80 kbps 

0.05 m 

UHF (470-890 MHz) 


Power Systems 

The Endurance missions’ power system architecture involves multiple power systems for generation and 
storage. The primary energy source will supply the crew module with 20kW of power during the lunar day and 
1 7kW of power during the lunar night. This power will provide for life support and daily activities once on the lunar 
surface. Separate mobile 2-2.5kW power systems will provide the astronauts with adequate power for lunar 
transportation and scientific e^q^loration. 

The mission will require multiple independently powered boosters, as well as a lunar habitat module and an 
ascent/descent module for crew transport. Each spacecraft will require a compact, long duration energy source for 
in-flight operations and systems monitoring and maintenance. To meet these requirements, photovoltaic 
array/rechargeable battery combination systems as well as the nuclear-based Dynamic Isotope Power Source will be 
utilized. The primary power source will be an independent system on the crew module functioning to provide for air 
revitalization, water reclamation, communications, science applications and various periodic loads once on the lunar 
surface. It will require subsystems for power generation and energy storage. 

The power generation subsystem will operate during the day providing electricity via the Sun’s radiant 
eneigy and storing energy for the lunar night. The energy will be stored in ftie form of hydrogen and oxygen 
chemical bonds. Durii^ the hmar night, hydrogen/oxygen regenerative fuel cells will supply all requir^ power. 
During the day, the total power requirement will be provided by Gallium Arsenide (GaAs) photovoltaic arrays in the 

form of 27 individual sun tracking panels totaling 135m ^ cell arrays. Two electrically-powered rovers will provide 
lunar transportation. They will have small, compact chemical battery power systems that will provide a safe, 
reusable power source. 

Experiments 

The driving force behind the six lunar missions is the science that will be conducted there. The 
experiments to be conducted include mineralogy, very low frequency array observations, and physiological 
experiments. Mineralogy experiments eonducted on the lunar surface will help scientists learn mofe about Earth’s 
only natural satellite. By collecting geological samples, much can be learned about the development of the moon, 
including its age and composition. Samples fi*om different geological formations such as mountain peaks, plateaus, 
craters and volcanic fonnations will be analyzed and conq;>ared. h will be in^xvtant to notice trends in the moon’s 
development, such as periods of intense volcanic activity and periods of frequent meteor strikes. Slices of rock and 
core samples will be taken to limit the mass of samples transported back to Earth. Also, as reported by the Lunar 
Prospector and Clementine, there is ice in the polar regions of the moon. Core sanq>les will be taken from Aitken 
Basin to determine if this ice is evidence of water existing on the Moon or the remnants of a comet. 

Due to absorption of radio waves by the Earth’s ionosphere, there is very little known of the radio sky 
beyond 10 m wavelengths. If these observations were taken from the lunar surfri^, much more could be learned 
about radio wavelengths beyond 10 m. A very low frequency (VLF) radio astronomy observatory, consisting of a 
large array of wire antennas equipped with an amplifier and digitizer connected to a computer, could make 
observations of wavelci^fhs frrnn 10 -- 100 m with high resolution and observations of wavelengths from 100 -- 
1000 m with low resolution. Another important scientific factor to consider is the effect of a 90-day mission, with 
frequent EVAs, on the human body. The following physiological observations will be carefully monitored for each 
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of the crewmembers: cardiovascular activity, bone and muscle loss, exercise and nutrition, immunology, and 
behavior and performance. 

Airlock 

The operational procedure for the airlock involves, first, suiting up outside the airlock. Next, the pair of 
astronauts would enter the airlock, close the inner hatch, and begin depressurization. Once the pressure inside the 
airlock has reached 5.75 torr by the vacuum pumps, the air release valves would be opened to finish the 
depressurization process. After the airlock has been fully depressurized, the outer hatch is opened and the astronauts 
climb down the ladder to perform their EVA. The airlock is left depressurized, and the outer hatch open, while the 
EVA is in progress, so as to minimize the chance of the astronauts being trapped outside the airlock. When the 
astronauts return from their EVA, the outer hatch is closed and the inner air release valves pressurize the airlock. 

EVA 

The suit chosen for lunar surface activities is ILC Dover’s I-Suit. The I-Suit possesses several unique 
qualities such as: totally fabric construction for increased mobility, operability in a dusty environment, and a light 
weight due to the lade of massive solid pieces. The 1-Suit is iM’essurized at 29 kPa 100% O^. This is important when 
calculating the ratio between the suit pressure and the partial pressure of nitrogen in the cabin atmosphere. This 
value, represented as R, symbolizes the probability of side effects due to nitrogen bubbles formed during transit to 
the suit. In using the 1-Suh, an R-vahie of 1 .03 is mamtained, requiring zero p rebreat h e before suit transit. This 
reduces the chances of dramatic side effects such as “the bends.” In addition, it decreases the time necessary to 
transit between suit and cabin, and vice versa. 

EVAs on the lunar terrain will require additional technology. This includes rovers and tools, which are 
stored externally, allowing easy access while on an EVA. They are placed directly in the bilge of crew habitat 
module, which helps to minimize dust contamination of the ca^in. The suits, however, are stored internally on the 
first floor of the crew module in a storage bay. This allows quick access during emergencies and close proximity to 
the airlock. 

To meet all mission requirements and to conduct experiments, the astronauts are required to make daily 
EVAs for almost the entire mission, EVAs in the beginning of the mission will be used to 6^oy the lunar rovers 
from the habitat module and to set up experiments such as the VLF array. Later EVAs will involve exploring the 
lunar landscape, taking samples, and conducting maintenance on the lunar rovers. The lunar rovers will be similar 
to those used on Apollo, and will run on two 36-voh rechargeable batteries. Two rovers will be taken on each 
mission, with one serving as a backup in case astronauts on EVA encounter an emergency situation. All EVAs will 
use the buddy system, meaning two astronauts will go on EVA, while two remain in the habitat, supporting the EVA 
and conducting their own experiments. 

Reentry 

Maximum entry accelerations are limited to 9 g’s. A Matlab program was used to analyze lifting and 
nonlifting earth entries. The reentry corridor for the vehicle is approximately 0.5°. For a heat shield with a radius of 
500 ft, stagnation point temperatures approach 3600°K and maximum total heating loads approach 1*10^ J/m^. A 
simple Chapman heating model is used with a blunt entry vehicle. 


Testing Scenarios 

Three precursor flights to the moon will take place from 2010 to 2012 prior to the annual missions from 
20 1 3 to 20 1 8. The first flight test with an unmanned A/D Module is necessary to make sure ftiat a fully functional 
system exists to safely ferry the crews to and from Eardi, The second test sends a Habitat Modul e to the lunar 

surface one week prior to the astronauts’ arrival on another A/D Module. The astronauts spend two weeks on the 
lunar surface in final checkout of the Habitat and Ascent/Descent Modules and then return to Earth. 

Overall Timeline 

First, research and development starts in 2002 and ends in 2006. Vehicle production starts in 2005 for the 
precursor missions; the final vehicle is completed in 2015. Next, testing and validation of flight hardware begins 
one year after production starts and finishes a year after all production ends. As indicated above, flight testing runs 
from 2010 to 2012. Finally, the six 90-day missions fly to fte moon from 2013 to 2018. 
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Cost Analysis 

Project Endurance, beginning in 2002 and ending in 2018, costs an estimated total of $25.5 billion in 
Y2002 dollars. The price of research and development is approximately $5.3 billion (Y2002). Production of all 
spacecraft for all missions will cost $2.9 billion (Y2002). Launch costs for all missions sum up to over $17.1 billion 
(Y2002). Operations throughout the life of the program will cost over $304 million (Y2002). 

Conclusion 

Project Endurance will continue the efforts of the Apollo program. Through six lunar missions, beginning 
in 2013 and ending in 2018, humanity will vastly expand its knowledge of our closest neighbor. Advancements 
made during these missions will aid in future space exploration endeavors. 
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Abstract 

The focus of this project is the development of closed ecological systems (CES) to sustain a 
population of aquatic invertebrates for more than 30 days. Permanent habitation of space will require the 
development of CES capable of meeting the biological needs of human inhabitants. Such a system must 
provide water, oxygen, and food while removing waste products and recycling the mass of the system. 
Ideally, the ecological system will recycle wastes into requirements and function with minimal mass 
exchange. Current NASA research has been directed toward the optimization (in terms of volume, energy, 
mass) of the components of closed systems (i.e. crop production in space). This project explores the 
creation of small (75ml) aquatic CES testing different chemical media, temperature, light cycles, and 
physical conditions. Experimental CES consisted of freshwater algae and the gx2a.Qv Daphnia magna. 
Computerized image analysis techniques were developed and implemented for abundance estimation and 
modeling population dynamics. Rotation of the containers, to vary the direction of gravity, did not alter 
survival or reproduction. Increased inorganic nutrients (Nitrate and Phosphate) were tested to determine if 
inorganic limitations prevented additional generations. Most CES conditions resulted in the survival of D. 
magna population including the F 1 (offspring of original animals) generation. Ongoing work focuses on 
conditions that will permit an F2 generation (Grandchildren of original animals) and beyond. 


I 
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Introduction 

Problem statement: Create an ecological community including all of the chemical requirements 
for photosynthetic organisms to produce food and oxygen and animals to use the food and oxygen and 
supply carbon dioxide and ammonia as nutrients for the photosynthetic organisms. The goal is to sustain 
the animal population for at least 30 days. 

Establishing a balanced ecosystem appears to be difficult initially, but biological systems tend to 
self-organ izc. For example, as animals in an aquatic ecosystem feed, they reduce the abundance of the 
algae and the food shortage causes reduced animal reproduction and survival. As animal feeding is reduced, 
the algal population can increase. Evidence of this relationship can be seen in any nearby lake if one were 
to look closely. If the system was closed and the animals ate all of the algae, they would also eliminate their 
oxygen source, however this has not been observed to occur. Creating a biological community is painfully 
simple; every time one closes a bottle, a living ecosystem is created. Historically, space programs have 
neglected the effects of complex assemblages of organisms on space travel. We must deal with the fact that 
every human is a community of organisms. The evidence of this neglected viewpoint can be seen inside 
any space station. The effects of biology have not been addressed during design; MIR suffered repeated 
equipment failures from the acids produced by fungi. The offending fungi thrive on the sloughed tissues, 
lipid, and sweat from industrious astronauts. The glorious achievements of the 60 's space race and the 
current ventures into space have been the biological equivalent of a fish jumping out of the water. A 
permanent human presence in space requires that we understand and can create a biological community to 
process our wastes into requirements for life in space. 

The planet earth can be considered a giant space vessel with a functional ecosystem where 
processes occur on a vast scale in volume, time, and complexity to sustain its various astronauts (all life). 
Earth is essentially closed to mass exchange with its surroundings. Energy is input to the earth as sunlight, 
which drives physical and biological processes that power nutrient cycling. Life continues by the recycling 
of carbon, nitrogen, oxygen and other elements through the ecosystem in a self-sustaining manner that 
passes energy on until it is lost as heat. To create our own functional support systems for space exploration, 
testable hypotheses must be tried on an ecosystem-wide scale. The volumetric and time considerations of 
influencing the variables of our planet-scale ecosystem preclude any such experimentation or replication of 
experiments. Extreme variation can occur on a planet-wide scale that may obscure the true cause of some 
relationships. Thus, smaller self-sustaining ecosystems have been setup with light as the only quantifiable 
input, with the aim of studying the behavior of an ecosystem over time and to enable the trial of testable 
hypotheses. These systems would receive light energy from outside but would recycle everything needed 
for species survival without any external input (Beyers and Odum 1993). Small closed ecological systems 
allow perturbations to an ecosystem to be studied at a scale that humans can effectively observe. Using 
CES to study patterns and effects of elements within an ecosystem allows one to not only observe specific 
interactions, but also to replicate and reproduce experiments and results [Taub 1980]. Scientists can make 
the system as complex or as simple as needed in order to study as few or as many aspects of the ecosystem 
as desired [Odum 1989]. Eventually, a self-sustaining system for the support of humans can be engineered 
from the data gleaned from the study of closed ecological systems (referred to as CES, or microcosms). 

Experimental approach: Background 

A common theme in the scientific pursuit of knowledge is that one question asked usually results 
in many subsequent questions. In the creation of a self-sustaining CES, we addressed several resultant 
issues that were facets of the overall design goal. To set up a CES, we must construct a food web that 
cycles nutrients to sustain itself. 

An aquatic ecosystem was selected as the base for study of CES dynamics. Aquatic environments 
facilitate matter transport in a time-scale conducive to lab study. Nutrients are transported by mixing, 
diffusion, and transport as a result of zooplankton movement. The celerity of matter transport in aquatic 
systems approximates facilitated transport that would occur in an anthropogenic system with pumps, etc. 
The physical characteristics of aquatic ecosystems need to be considered when constructing a self- 
sustaining CES. Natural aquatic systems are in constant motion, with wave action and temperature 
differentials driving mixing and facilitating nutrient transport over vast distances. Spacecraft are subject to 
non-uniform orientation of gravity. During maneuvers, the orientation of gravity may change substantially 
for long periods of time. Volumetric scales available in a lab scenario are limited by logistics, but what 
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scale is appropriate for CES study? Taking samples during experimentation is a necessity. However, small- 
volume (< 100ml) systems can experience large variations in volume if samples of only a few milliliters are 
taken and replaced. To avoid taking samples from small ecosystems, we used visual observation. Animals 
require oxygen; their persistence indicates the presence of oxygen. The intensity of greenness in CES was 
used to estimate algal density. The number and size of animals is indicative of reproduction and growth. 

Our team conducted several studies to evaluate the physical and chemical variables of aquatic ecosystems 
for CES study. 

A liquid’s chemical composition defines the aquatic ecosystem. The media used for traditional 
open ecosystem studies may be inadequate to sustain a closed ecosystem. Liquid media must contain the 
correct balance of pH, nutrients, and salts to support a food web consisting of algae and an invertebrate 
grazer. T82-LoSi (Low silicate) medium is chemically defined mixture (22 elements) designed for the 
growth of algae. It does not contain an inorganic carbon source because most algae are grown in open 
containers where the atmosphere supplies carbon dioxide. The limiting nutrient for algal growth in T82- 
LoSi is 0.5 mM nitrate and all other elements except carbon are in excess. Therefore, in closed systems an 
inorganic carbon source is necessary. Kent media is a commercial mixture of salts that supplies inorganic 
carbon as sodium bicarbonate; it does not supply nitrate or phosphate. Thus, T82-LoSi and Kent media 
together could provide an adequate collection of elements to support a CES. We conducted two studies to 
explore the characteristics of different media in CES conditions. 

The grazing invertebrate Daphnia magna was selected as the research animal due to availability 
and in-depth background knowledge of biology. Daphnia magna are easy to see with the unaided eye, are 
hardy, and reproduce quickly. Daphnia are used commonly in studies of toxicology and freshwater ecology. 
We have a large knowledge base accumulated on varied aspects of Daphnia ecology. Daphnia will graze 
algae and use oxygen during respiration, and excrete ammonia and carbon dioxide as byproducts. Algae in 
the CES occupy the role of primary producer, and will fix inorganic nutrients into lipid, protein, and 
carbohydrate that feed Daphnia. 

The population Daphnia magna was used for hypothesis testing to determine the significance of 
a treatment. Daphnia magna are the largest Daphnia species available for study, but their biology poses 
another problem for hypothesis testing. Counting by eye is limited by detection and availability biases to 
very small populations (< 20 individuals) that are frequently reached in the smallest volumes. Detection 
bias is introduced when large populations occur and individual Daphnia become difficult to track. 
Availability bias is introduced when clumps of algae and crowding from other individuals obstructs 
Daphnia enumeration. Since Daphnia population is the variable that we observe to determine significance, 
we developed new computer-aided methods for 
population enumeration to improve the 
resolution of our data. Computerized methods 
enable large populations and volumes to be 
accurately evaluated; where in the past 
populations w ould be measured in “dozens” now 
exact counts are feasible. Additionally, data 
gathered with a computer can be archived for 
future study. 

Freshwater CES were housed in tissue 
culture flasks of various dimensions. Tissue 
culture flasks are useful for CES study due to 
their universal availability, impermeability, low 
procurement cost, and optical characteristics. 

Tissue culture flasks are optically flat and 
transparent, allowing systems to be visually 

sampled without introducing distortion from rounded surfaces. Figure 1. shows and example of CES in 
three different sizes of tissue culture flasks. 



I 
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Experimental approach: methods 

Techniques common among studies 
were culture setup and population enumeration. 

Typically, a culture flask was filled with media 
and two types of algae — Ankistrodesmus and 
Scenedesmus were introduced. The flask was 
allowed to sit open for a five-day setup period, 
letting unknown organics oxidize and to let algal 
growth begin. After the setup period, six 
Daphnia were introduced to the flasks and then 
the systems were sealed. CES replicates were 
then placed into an incubator where temperature 
and light cycle were controlled. Observation 
commenced for thirty days at intervals of at most 
every three days. In CES with large populations, 
computer-aided enumeration was utilized. 

Freshwater closed ecological systems for various 
studies followed the same initial set-up and 
composition: Kent water and T82-LoSi served as 
the liquid environment and initial source of 
nutrients for the algae. A small amount of media 
(<2ml) was added with zooplankton 
introduction. Figure 2. shows a typical 
experimental setup in an incubator. Computer 
enumeration techniques allowed large 
populations to be accurately evaluated, enabling 
the volume studies performed by our team. In all cases, care was taken to devise a technique that samples 
the entirety of a CES simultaneously with our sub-sampling. Sub-sampling would introduce a large 
availability bias to abundance assessment because zooplankton exhibit mild flocking behavior. Several 
complimentary sampling methods were used. 

A digital camcorder was used to observe CES replicates. Video of CES replicates was re-played to 
manually enumerate Daphnia from recorded movement. 

A program to track groups of pixels was implemented in MATLAB using the image processing 
toolbox. The program inputs series of pre-formatted TIFF files and outputs track length, object size and 
velocities. 

Adobe Photoshop 6.0 was used to enumerate Daphnia from high-resolution (3.2Mpixel CCD, 
image size 2048X1536 pixels) digital still 
images. A custom script was implemented to 
improve contrast between Daphnia and the 
surrounding media, so that manual enumeration 
could result. Figure 3. shows the input and 
output of the contrast enhancement script. 

Observers were instructed to recognize Daphnia 
by the crooked gut, defined carapace, and eyes. 

Aspect differences prevent automated image 
recognition of Daphnia, but Photoshop enabled 
large populations to be enumerated. 

Physical CES studies 

Natural systems have wave action to aid in nutrient cycling. To determine if motion affects the 
sustainability of CES, six replicates of CES were attached to a Cell culture roller drum (New Brunswick 
Scientific Inc.) that completed one full revolution every five minutes. As a control, six replicates of CES 
and six replicates of open ecosystems were left stationary under similar light conditions. 
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Difficulty of counting large zooplankton population 
has restricted our previous research to using small-volume 
ecosystems. The small (75-ml) ecosystems that we have been 
using for CES study may not be the optimal scale for our work. 
Taking a 1-ml sample for chemical analysis represents a large 
mass exchange for small systems. Computer-aided 
enumeration has enabled large volume CES to be accurately 
assessed. Two studies were conducted on a range of flask sizes. 
One study used three (75, 250, 750-ml) volumes of tissue 
culture flasks with the same media to explore the relationship 
between volume scaling and Daphnia abundance. Another 
study setup a 33-Liter salt-water CES in a 60-Liter carboy and 
measured carbon dioxide and zooplankton density to 
determine the dynamics of a large CES. Figure 4. to the left 
shows two 60-Liter sized CES. 


Chemical CES studies 

Two studies were conducted to explore the viability of the chemically defined media that we use 
in CES work. A mixture of T82-LoSi and Kent water was used as the chemically defined media. The first 
study evaluated the sustainability of chemically defined freshwater media versus natural media. In long- 
term culture, Daphnia populations often grow better if lake water is occasionally used, suggesting that 
some trace elements may be lacking (Taub, 2002, personal communication). It is conceivable that synthetic 
media are not supplying the necessary nutrients to algae for long-term survival and reproduction of 
Daphnia. The defined media was compared to a natural media, in this case autoclaved water from Lake 
Washington. Open and closed ecological systems with both types of media were also compared. The 
second study augmented the nitrate (N) and phosphate (P) loading of defined media to explore the effects 
of nutrient enrichment on Daphnia population dynamics. 

Results: Physical CES studies 

Daphnia density was inversely related to microcosm volume, while smaller volume microcosms 
(75-ml) experience higher extinction rates. More animals were found in larger volumes, but their density 
was not as high as that of smaller systems. Computer-aided enumeration allowed accurate counts of 
Daphnia population. Populations of up to 200 individuals were observed only in flask sizes of only 750-ml, 
Orientation was not observed to affect Daphnia populations. 

60-liter CES studies are feasible for long-term study and allow sampling with a low percentage of 
total mass to be exchanged. Atmospheric carbon dioxide was observed to decline precipitously within the 
first week of observation. The copepod Tigriopus califonicus (Monk, 1941) became dominant in the salt- 
water CES. 

Results: Chemical CES studies 

T82-LoSi+Kent media supported higher Daphnia populations than autoclaved lake water, 
suggesting that it does supply necessary elements for survival. Figures 5 and 6 show population dynamics 
for closed and open systems of natural and defined media, averaged over six replicates and categorized by 
size of individual Daphnia. The small animals are the offspring of the initially introduced animals. It was 
noted that small animals peaked around day fifteen and then declined without maturing and 
reproducing. 
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Dally population for closed treatments, averaged over all replicates and by size of individuals 
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Daily population for open treatments, averaged over all replicates and by size of individuals 
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Autoclaved Lake water. Large 
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T82 has been used as an algal culture media and nitrogen and phosphorous than natural media. 
Natural media would be expected to have less algal carrying capacity compared to T82 and would support 
less Daphnia. It was observed that the large animals declined in all replicates in all treatments. Offspring 
(F) generation) of the animals introduced initially were not observed to grow to maturity and reproduce. It 
may be that T82-LoSi-i-Kent media, while more suited for CES study than natural media, still lacks 
necessary ingredients for the maturation of Daphnia magna. Open systems did not support significantly 
different Daphnia populations, suggesting that both carbon dioxide and oxygen are not limiting. Nutrient 
loading (N, P) increase has an inverse effect on peak Daphnia population, possibly due to toxic effects of 
nitrate at high concentrations, also indicates that N, P are not limiting in CES studies. Figure 7. shows the 
peak population of Daphnia at each nutrient loading, averaged over six replicates per treatment. Figure 8. 
illustrates the variability of replicates in each treatment, and show dynamics of Daphnia population at 
different nutrient loading. 


Figure 7. 


Peak population by nutrient loading, averaged 
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Lessons Learned, Future studies 

It has been demonstrated that freshwater closed ecological systems are a viable basis for support 
of an algae-grazer food chain for at least 30 days. Chemical evaluations suggest that the defined media 
(T82-LoSi and Kent) does supply enough nutrients for algal growth and Daphnia sustainability; however 
no F 2 generation has been observed (grandchildren of original animals). Algae may be the limiting 
component to our current model. The ecology of Daphnia magna introduces problems for long term 
stability. In natural environments, Daphnia species are heavily predated by a large number of organisms. 
Daphnia have evolved with this pressure on their population and reproduce rapidly until all resources are 
used, compensating for predation pressure with a high birth rate. There is no such predation pressure in the 
CES that we have constructed, so Daphnia are free to over-graze the algal population. Daphnia magna 
populations in CES have exhibited dynamics similar to the classic predator-prey model with unrestricted 
birth. Daphnia graze the available standing crop of algae and reproduce until algae are depleted. The algae 
do not reproduce rapidly enough to sustain Daphnia growth, and the population slowly declines because 
each animal is getting enough food to survive, yet not enough to reproduce. Daphnia must shed their 
exoskeletons (molt) to grow. Many molts have been observed to accumulate in CES flasks. Molts are 
composed of Chitin, a structural polysaccharide that contains non-trivial amounts of carbon and nitrogen. 
Chitin is broken down by the action of bacteria, but the process is very slow. It is possible that the molts of 
Daphnia act as a sink for nutrients that the algae need to grow, causing the system to “run-down” as 
nutrients are deposited faster than bacteria can liberate them. A way to increase the rate of nutrient cycling 
from molts should be explored. Increasing the rate of a chemical reaction usually means increasing the 
temperature at which the reaction occurs, increasing the surface area, or the addition of a catalyst. Of theses 
methods, increasing the surface area available for bacteria may prove the most beneficial. A substrate such 
as sand would provide large surface area for bacteria and may provide algae with a refuge from grazing by 
zooplankton. Some chitin should also be added to the substrate to account for the rate at w'hich Daphnia 
molts accumulate, allowing a standing crop of bacteria to develop to continuously cycle nutrients from 
molts. 

Daphnia magna may not be the ideal CES organism, but we have been constrained by visual 
sampling techniques (naked eye) to using them as our study organism. Computer-aided enumeration 
techniques that were developed during this study will enable greater populations of smaller organisms to be 
enumerated, increasing our selection of research organisms. In future studies, we should consider an 
organism that has population dynamics that do not tend to bloom and crash so that we can more closely 
approximate a crew of human astronauts. 

An ideal volume for CES study has yet to be found. Large volume systems (many liters) allow for 
sampling without a high percentage of system mass to be exchanged, but are logistically intensive. Small 
volume CES allow for greater replication. In future studies, a small volume CES with a smaller organism 
and substrate with chitin may provide greater sustainability. 

Future work will focus on discerning the mechanisms associated with self-organization of CES 
and of obtaining a reproducing population of Daphnia with an F 2 generation and beyond. Improving the 
computer-aided enumeration techniques will enable very large populations to be automatically, remotely, 
and continuously assessed. Many improvements can be made to the student-developed tracking softw are. 
MATLAB requires a high level of aptitude to use, and is expensive. Implementation in C-h- and the 
addition of an intuitive interface would allow greater transparency of the enumeration process. A future 
goal of enumeration methods is to reduce the number of steps that need to be taken for counting of 
zooplankton populations and implement more motion analysis software. 

Once an indefinitely sustainable model has been determined, we can use it as a research tool to 
plan the ecosystems that will some day support a human population in space. The brief leaps of a fish out of 
water will someday give w ay to the ability to swim in the sea of stars. 
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